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ABSTRACT 
The aim of the present investigation was to establish the equations re 
lating the deformations and the gripping pressure of diaphragm mandrels, as well 
as to simplify them, enabling their utilization by a designer. 
Diaphragm mandrels, to be used in lathe or finishing machining work,can . 
be seen as revolution pieces constituted of an assemblage of elastic elements di~ 
posed around their revolution axis. The centering and gripping operations rely 
only On the elastic forces generated when those elements are elasticly deformed. 
Thenon-existence of metalic sliding parts distinguishes this type of mandrels 
from the usual types and assures an high degree of repeatability and accuracy du-
ring the machining operations. 
Four fundamental stages constitute the present work. Firstly, the pre-
liminary design of the geometrical shape for the diaphragm mandrels has been " de-
vel loped in chapter 2. The second and third fundamental stages have been underta 
ken simultaneously. They are constituted of an theoretical and experimental ana-
lysis in view to obtain the equations earlier refered. This analysis has been u~ 
dertaken firstly on two different typeS of Specimen, simulating the constituting 
elements of a diaphragm "mandrel and finally on a third Specimen simulating an ac-
tual section of the mandrel. The first Specimen simulated the tapered parts of 
the mandrel, and the second type simulated the assemblage of those tapered parts 
and the holding part in between them. On pages 42, 71 and 126 are represented 
the first, the second and the third type of those Specimen, respectively. In cha 
pter 3 is elaborated the theoretical analysis of the first type, in chapter 7 the 
second type and in chapter 11 th~ third type. Their experimental analysis is 
presented on "chapter 4, 5 and 6 for the first type, on chapters 8, 9 and 10 for 
the second one and on the chapter 12, 13 and 14 for the third type. The theoreti 
cal analysis, based upon the energy method enabled the calculations of deforma-
tions, load forces and gripping pressure relationships, and from the experimental 
work the experimental values have been obtained and used to verify the accuracy 
of the theoretical analysis. Mechanical and electronic techniques have been used 
during the experiments and close correlation between the predicted results and 
the experimental ones have been obtained, this being stated in chapter 6, chapter 
10 and chapter 14. 
Finally the third stage of this investigation has been related with the 
simplification of the theoretical expressions and their presentation in a tabled 
way providing their USe by a designer to ~rac~terize the behaviour of a mandrel 
as well as to define its geometrical dimensions under a specific work situation, 
chapter 17 and 18. 
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1 - INTRODUCTION AND LITERATURE SURVEY 
The systematic improvement in the production, in large quantities , 
of products with an high degree of accuracy and interchangeability at competi-
tive costs, results from the use of high precision machine tools with long se~ 
vice life and failure-free operation, the lattest being particulary important 
on the case of automated machine tools, as well as of specially designed tooling 
equipments which ensure the refered precision. This statement is not new but, 
on the other hand, it is a necessary condition for the industrial development. 
What Albert A. Dowd (1) wrote at the begining of this century is perfectly up-
-to-date: "The manufacturer of the present day is looking for maximum effi-
ciency in his methods of production, and with this in view he endeavours to ta 
ke advantage of every improvement in machine tools that will help to increase 
his output". 
Holding devices for machine tools constitute one of the most impor-
tant types of production equipment for their work-holding , function during the 
machining operation, mandrels and chucks being one of the various types of tho 
se devices which are used in applications where precision holding is of para-
mount importance. However, in spite of their importance, very little work, 'on 
a scientific basis, has been carried out with regard to the subject. J.Rnight 
(2) refered in 1976 that " ••• if the investigations" on a scientific basis, of 
chucks have been limited, it can be said that the investigations concerned ma~ 
drels are negligible, ••• ", and similar conclusion is stated by J. Chidlow (3). 
After his survey concerning this subject the author has the opinion that, even 
in our days, mandrels and chucks are still being designed based upon empirical 
experience compiled and accumulated along the years, the trial-and-error method 
being-, in almost all the cases, the only approach method for that design. 
The purpose of the present investigation is to establish the equations 
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relating the deformation and the gripping pressure of diaphragm mandrels, as 
well as to simplify them, enabling their utilization, in a simple way, by a 
designer. 
In the present days it is possible to find a wide variety of types 
of mandrels, some of them privately self-made in terms of a specific need and 
utilization, other ones, commercially avaiable. In plate 1.1, page 14, the 
author presents a schematic classification of the most important types of man-
drels, in which they have been assembled in terms of their behaviour 'similari-
tude and from where it is possible to distinguish, fundamentally, two major tx. 
pes of mandrels: 
- the plain mandrels, and 
- the radial expansion mandrels. 
1.1 - Plain Mandrels 
Plain mandrels, sometimes denominated by solid mandrels, are the 
simplest and oldest type of mandrels, constituted essentially of a shaft which 
surface is hardened, ground with a taper of about 0.0006min/m (0.06%) in length 
(4), the small end being about 0.013mm undersized to facilitate starting the 
work. Usually they a,re avaiable 'in all standard sizes (5). The workpiece 
having a previously machined accurate hole, which diameter is smaller than the 
largest diameter of the mandrel, is pressed on this one. This produces a griE-
ping pressure around the hole of the workpiece, which is related with the axial 
press force, as well as with the friction between the mandrel and the workpiece. 
Since the cutting force, during the machining operation must not provocate the 
sliding of .the workpiece on the mandrel, a considerable force is used to press 
it and an arbor press is generally necessary for this purpose. 
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There must be a mandrel for each workpiece hole size and the to-
lerances must be quite close on hole size. For this reason and because they 
must be removed from the machine tool to be pressed into the workpiece, as 
I 
well as there is a considerable risk of seizing damage either the workpiece I 
or the mandrel, its utilization is limited. On the other hand, their incapa-
bility of ad-aptation to bores that are not very accurate in size and the im-
possibility to use them with workpieces with steped bores, as well as the dif 
ficulty to ensure that sucessive jobs occupy the same longitudinal position 
on the mandrel, owing to wear, changes of pressure, etc., make them, general-
ly, not suitable for high output productions. 
1.2 - Radial Expansion Mandrels 
With radial expansion mandrels, the earlier refered disadvantages 
relating plain mandrels are avoided. Their holding-operation is not made by 
means of a pressing operation but, instead of that, it is due to a temporary_ 
press-fit:produced by a mechanical, hydraulic or pneumatic means, enabling a 
command at distance of the gripping process, the gripping pressure being put 
radially on the hole of the workpiece. The latter one is easy to remove and 
there is less possibility of wear on the mandrel and on the piece, as well as 
less damage to its bore. 
This type of mandrels has large application in the industry, for 
turning and second machining operations, as well as in assemblage and inspec-
tion. The work can be accuretly'replaced on the mandrel and the production 
time can be reduced. They eliminate the difficulties of maintaining close t~ 
lerances of concentricity when using a solid mandrel and with adequate stops 
it is possible to locate the workpiece into the mandrel at exactly the same 
longitudinal position. 
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Two types of radial expansion mandrels can be considered: 
- the expanding mandrels, and 
- the diaphragm mandrels. 
1.2.1 - The Expanding Mandrels 
It is difficult to establish with precision the date and the author 
of the first holding tool which can be properly named as an expanding mandrel. 
In 1833, Dr. Church (6) presents an invention for fastening' tubes, in their in 
tended places, in steam boilers of locomotives, with which the end of the tu-
bes could be expanded in their places, fastening them to the tubeplate, its 
workprinciple (7) being very similar to the actual expanding mandrels. 
In November of 1860, a Mr. Clutha (8) asks the editor of The Engi-
neer for the origin of the expanding,mandrels, two answers being published in 
December, one signed by J. Jewsbury (9) and the other by K.R.U. (10), refering 
the patenting of the expanding mandrel during the year 1845 by 'a Mr. Prosser 
and ano,ther patenting in 1847 by a Mr. Alexander Allen, superintendent of the 
Scotish Central Railways. These two patentees within two years and the ques-
tion of the royalties been payed upon the tool, generated a large and interes-
ting exchange of correspondence (11) - (20) in The Engineer, during almost, 
one year, from which and with the publication of the illustrations (7) repre-
senting the ellevation and section of the expanding mandrel made by Dr. Church , 
it is possible to accept the lattest as the inventpr of the first expanding 
mandrel. 
From this time until our days the expanding types of mandrels have 
been more and more used in mechanical machining operations. In 1966, Ben C. 
Brosher (21) refered the increasing recognition of the holding power and accu-
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racy of. the expanding mandrels which use had been growing rapidly, and a lar-
ge range and variety developed and avaiable. 
It is possible to subdivide that range in three principal classes, 
this subdivision being made in terms of type of elements which provocates the 
expansion of the mandrel: 
- mandrels using tapered expansion rods, 
- mandrels using slide expansion elements or inserts, 
--and 
- mandrels using other type of expansion elements. 
1.2.1.1 ~ Mandrels with Tapered Expansion Rod 
This type of expanding mandrels is fundamentally constituted of an 
expansion bushing and a male tapered rod, (22). The expansion bushing has an 
internal bore with the same taper of the tapered rod and its length is slotted, 
which allows it to spring in expanding and collapsing, the expansion being 
provocated by sliding the tapered rod through its inner hole. 
Expanding mandrels having only one longitudinal slot are not very 
usual. James L. Baule (23), and F. C. Wevers (24) refered two similar types 
of mandrels with an unique slot that were directly attached to the lathe. 
spindle be means of a jaws chuck or tapered shanks. Sometime before, Messr;s 
Barrow and Co. (25) and E. A. Dixie (26), had presented another type of man-
drel having only one longitudinal slot but with the difference that, on this 
case, the slot splits completly the expansion bushing which was mounted on a 
taper arbor. This type provided a more uniform distribution of the gripping 
pressure along the length ·of the workpiece bore, because, the slot being 
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interrupted the expansion has its highest value at the end of the mandrel 
where the slot starts, being nul where it stops. The most common number of 
slots for this type of mandrel is four, (29), (30), (31). 
Meanwhile, their principle being that of a collet in reverse, (27), 
(28), with an easy way to slip on and off the pieces on the mandrel even 
without stopping the lathe, and the simplicity of their manufacture, make them 
to have a large application in the industry. 
With the intention of overtake the non-uniform expansion, earlier 
refered, the most usual expanding mandrels have expansion bushing with slots 
made from both ends, alternately, each slot terminating usually in a drilled 
hole because the spring effect and the stress concentractions.as well. wi1-
1iam R. Rowe11 (32), proposed four slots for bushings, although mandrels with 
more slots are frequent as well, (33). 
The angle of taper of the expansion rod of those type of mandrels 
has great importance in their behaviour; a small angle is required for a pow-
erful expansion of the bushing, while for a ready close an higher angle is 
suitable. The experience.give for the designer the best values for that par~ 
meter, R. B. Counterey (31) and E, A. Dixie (25) proposing a 15° and 16° taper, 
respectively, ~nd Wi11iard Kee1in (34) using 20°. 
The use of continuous taper for the bushing expansion implies some 
problems like, for example, the non-uniform increase of the bushing diameter 
when it is moved up the taper, specially for machining of thin-wa11ed tubular 
parts, which is a very similar situation with what occurs with plain mandrels 
where the gripping pressure around the .ho1e of the workpiece decreases axially 
(35) due to the interference between the taper and the workpiece. 
For components with long bores the use of continuous tapers is not 
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very practical (36) and sometimes even'impossible, specially if the inner hole, 
of the workpiece is small. 
These problems have been overtaken with the design of expanding 
mandrels with non-continuous taper arbors. Chapman (37), J. Whittles (39), R. 
Riker (38), designed special mandrels in which the expansion bushing had two 
internal female tapers, back to back, and,G. W. Meson (40) presents in 1965 
the "double-angle" collets and expanding mandrels, Bristol - Erickson patented. 
Two ground made conical surfaces, tapered in the same sense, are spaced on the 
arbor, creating an uniform gripping pressure along the total length of the work 
piece where the expansion bushing is moved up the arbor. J. A. Knight (2) pu-
blished in 1976 a thesis related with the design parameters of expanding man-
drels sleeves, presenting letter on, with D. J. Billau (41) a work on the mea-
surement of the gripping force and slip torque of that type of mandrels which 
constitute the most popular and used type in the industry of our days. 
1.2.1.2 -,Mandrels with Slide Elements or Inserts 
The gripping feature of this type of mandrels is due to inserts or 
slide elements mounted on the arbor, which has a special shape for the purpose. 
The more usual inserts are balls and rollers, the first being used specially 
for light holding needs. 
The ones using rollers, are generally constituted of an arbor with 
several longitudinal slots, (42), milled along its length, the rollers being 
mounted on the slots and retained by rings. Compression springs, mounted in r~ 
dial holes of the arbor, exerce a radial force on the rollers making them lean 
on the bore of the workpiece. When the arbor rotates the rollers move towards 
each the slots which work as an incline plane, locking the workpiece in place. 
C. McLaughlin (43) presented a fast acting mandrel made from an hexagonal sec-
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don bar with SlX rollers attached on it, which works on the same way of 'the 
ea'rlier refered. One other type of these mandrels has been presented by Effi 
ciency Tools Products, Co. '(44), In 1919. This mandrel had two sets of three 
equidistant grooves inclined circumferencially at the bottoms. A roller was 
backed up in each groove by a flat steel spring. The cutting forces moved up 
the roller on the incline plane, holding the workpiece. As higher it was the 
pressure, as higher it was the gripping. The same work-principle is used on 
the Pin-Cam expanding mandrel (45), in which the bar has ramp-type cams, the 
rollers being disposed to move axially across the cam. 
The principal design parameter of such type of mandrels is the in-
clination angle of the incline plane formed by the slots. The mandrels must 
grip the workpiece 'powerfully but the work releasing must be easy. An high 
value for this angle decreases. the gripping capability and difficults the re-
leasing of the pieces and in consequence small angles are used. 
Some mandrels use balls, instead of rollers, to force the expansion 
of the sleeves. This is the case of the expanding mandrel presented in 1966 
by C. MCLaughlin (46), which consists of a center shaft having a tapered sec-
tion on its left-hand end section, with the diameter decreasing to the right-
-hand end, this one finishing in a turned down section with a tapered sleeve 
fitting on it. Between these two tapers is mounted a straight sleeve which on 
its ends has sets of balls circumferencially disposed. Moving the tapered 
sleeve inwards the sets of balls expands, gripping the workpiece. 
Sometime earlier, 1956, H. J. Gerber (47) refered in The Tool En-
gineer, a differencial expanding mandrel which work principle was very similar 
to that one refered above, but where he used two sets of three disks, instead 
of balls, to form the expanding member, which engaged the interior walls of 
the component. The expansion was due to two expansion cones which if forced 
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to move against each other pushed outwards the disks, gripping the ",orkpiece. 
Instead of cones, G. W. Swanson (48) used balls to produce. the ex-. 
pansion of the expanding members which were sets of balls as well. This man-
drel was intended to be fundamentally an inspection device and not to be used 
as a work driver during machining operations. 
Cylindrical wedges sliding in taper seats and pushe:l towards by a 
threaded collar (49) constitute other type of inserts used in this kind of man 
drels. 
1.2.1.3 - Mandrels using other Expansion Elements 
Although being different in terms of work-principle and behaviour 
all types of the mandrels refered so far have a common particularity, the gri~ 
ping operation is due to the expansion of metalic expanding elements which is 
provocated, in almost all' the cases, by moving a tapered element, metalic as 
well. Neverless, with the devellopment of synthetic materials and high-qua-
lity steels a large number of mandrels widely used in the industry of the pre-
sent days, uses other processes to generate the gripping expansion, like annu-
lar metalic sleeves, rubber, hydraulic and pneumatic assessement, Belleville 
washers, etc. 
Perhaps the more common ones are the hydraulic and pneumatic opera-
ted expanding mandrels, which have been produced from the Second World War (50) 
(the pneumatic type having an earlier appearance (51) ), and they due their im 
portance to the very uniform gripping pressure they exerce and consequently 
the very accurate centering. 
Pressure chambers are· interconnected by channels and holes and 
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connected with the pressure generator. Those pressure chambers can be formed 
in the space inbetween annular. grooves, machined on the body of the mandrel , 
and an expanding sleeve (50), (52), or el se, by a diaphragm (53), both cases 
having an external pressure supply or having a self-contained hydraulic system 
(54), the pressure being created by turning an actuating screw which moves a 
piston forcing the pressure fluid from the piston chamber to the pressure cham 
bers. 
Other type of hydraulic expanding mandrels exerce not an uniformly 
distributed pressure on the workpiece but a located pressure by means of proe-
minent gripping plugers (55) arranged in intervals to bear evenly on the work-. 
piece providing an accurate and secure gripping, even in tapered and stepped 
bores. 
The radial expansion of the Belleville disk washers, provocated by 
an axial deflection, as been used on the same way by the designers for manufa~ 
ture expanding mandrels (56). The washers are slipped into a rod and tighte-
ning them they become flat, their outsider diameter increasing and the insider 
diameter decreasing. This centers the set of washers and, simultaneously, 
grips the workpiece. M. A. Anserov (52) conducted an investigation into the 
calculations of this type of mandrel on which he used srping-conical washers 
differing from the standard Belleville washers in that they had radial slots 
around the outer and inner peripheries which provocated an increase in the 
elasticity of the. tool, as well as required a lesser force to operate it. 
A similar version of this mandrel is the Spieth patent (57) design 
which is essentially composed of hardened ground sleeve through which another 
ground sleeve, having external and internal tapered grooves, slides. By means 
of an axial compression, the annular elements deform expanding their outer dia 
meter in the same manner of the Belleville washers deformations. 
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In other mandrels the undulated sleeve has right an. angles corners 
grooves, instead of tapered, still having however, the same operation pro-
cess. Some analysis work has been undertaken in this recent type of mandrels 
(58), but almost all of them based upon empir·ica1 results. 
The incompressibility property of the rubber, which enables it to 
change its shape, under pressure, its volume remaining constant, has been used 
in the manufacturing of expanding mandrels. In some of them the rubber is 
used to expand an expanding bushing (59), (60), in other ones the rubber con-
tacts directly the workpiece (61), (62), (63). 
In 1949, G. R. B 11 (64), presented a "rubber mandrel" for holding 
thin walled tubing for external grinding Rubber rings were interposed in be-
tween steel collars, which compressing the rings provocated their radial ex-
pansion, gripping the tube. 
1.3 - Diaphragm Mandrels 
Diaphragm mandrels are a new type of mandrels with the purpose of 
an accurate self-centering and gripping of components with an inner hole, and 
which work-principles is based upon the elastic strain energy that they can 
accumulate when deformed and that can be transformed in terms of gripping pre~ 
sure exerced on the inner surface of the workpiece. This one must have an 
inner diameter lesser than the outer diameter of the undeformed mandrel for to 
not allow the mandrel to expand comp1et1y, restraining it, in consequence, to 
a deformed state. 
L. Bobbitt (65), presented in 1963 an holding tool that presents 
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some work-principle similaritude with the diaphragm mandrels. It was consti-
tuted of a base steel disk with a tubular member of spring-type tool steel 
welded concentric on it. _ The tubular member was cut in several slots, their 
number and depth de terminating the value of the gripping pressure. 
It was destined to be used wi th thin-wall rings, to be machined ei 
ther on the inside and outside diameter. For ID chucking the OD of the tubu-
lar member was made slight larger than the hole of the piece and for OD chucking 
the ID of the tubular member made smaller. When the rings were inserted in the 
chuck by their OD or ID, the fingers of the tubular member deflected being on 
spring tension and as opposite fingers were sprung the same amount the rings 
were gripped centered. 
Diaphragm mandrels work on a similar manner. They are constituted 
of a revolution piece, cut in several slots along its length, having two tap~ 
red sections, one being attached to the lathe plate by a base disk, and a cy-
lindrical part in between them. The tapered sections work as springs and the 
cylindrical section works as an expanding member which contacts directly the 
bore of the workpiece, holding it. 
Figure- 11.10 and plate ll.l,pages 140 and 141 , show, respective-
ly the scheme and the photographs of the diaphragm mandrel which has been the 
basis of this investigation. 
Applying an axial load force on the end of the free tapered section, 
the other one being fixed to the lathe plate, the mandrel deforms, its length 
increasing and its outer diameter decreasing, and in the condition that the de 
flection are kept within the elastic limits of the material of the mandrel, 
the amount of that diameter decreasing in directly related with the load for-
ce that provocates the deformation. 
The workpiece having an inner diameter with a value comprised 
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between the maximum and the minimum values of the mandrel outer diameter, 
which correspond to the values without and under deformation; respectively , 
is placed on the cylindrical part of the mandrel, and when the load force is 
released,the mandrel expands, holding it. The gripping pressure generated is 
directly related with the remaining elastic deformation of the mandrel. 
The behaviour of these mandrels eliminates the problem caused by 
wear and changes in pressure that can occur with the other type of mandrels, 
and on the other hand, the replacement of the work is simple and fast, as well 
as the workpiece may occupy the same longitudinal position on the mandrel, by 
means of the use of adequated stops. 
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2 - PRELIMINARY DESIGN OF THE DIAPHRAGM MANDREL GEOMETRICAL SHAPE 
AND INTRODUCTION ON ITS THEORETICAL ANALYSIS 
The first step of this investigation has been related with the pr~ 
liminary design of the geometric shape of the diaphragm mandrel wich has been 
based upon the intented behaviour. 
Two fundamental aspects have been analysed firstly: the gripping 
operation, in terms of uniformity of gripping pressure distribution and accu-
rate centering; and the gripping operation in terms of spring caracheteristics 
of the mandrel, way of holding on and releasing the workpiece, as well as the 
absolute value for that gripping pressure. 
For the first one ii has been decided that, as the purpose of this 
mandrel was to hold hollow workpieces by their inner hole, the best geometri-
cal shape for its holding section, which would performe an uniform gripping 
as well as an accurate centering, should be a cylindrical body which outer sur 
face should touch uniformely the inner surface of the workpiece: 
On the other hand, the mandrel should have the possibility of accu-
J~!.. mulat~an elastic strain energy provocated by its deformation and that would 
be responsible for its gripping behaviour. The spring sections have been de-
cided to be formed by two tapers, back to back, with the cylindrical gripping 
section in between them. 
Fig. 2.1 represents the preliminary design of this geometric shape. 
With the intention' of increasing the elastic behaviour of the mandrel, seve-
ral longitudinal slots should be milled along its length, the mandrel being 
then composed of an assemblage of elements with the geometric shape represented 
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SECTION A-/Y.: 
FIGURE 2.1 
in figure 2.2, circumferencia11y disposed around a longitudinal axis. The e1e-
ments would have their ends fixed to two flat disks, as shown in figure 2.3. 
A load force ~, axially exerced on those flat disks, figure 2.4, de-
forms all the bodY,increasing its length of an 
diamater of ~J. 
/ 
amount ~J, 
/ 
and decreasing its 
If a component, having an inner hole with a diameter comprised betw~ 
en DJ and DJ-ADJ,is positioned through the cylindrical section, figure 2.5, the 
load force ~ being applied, when this one is released the body tends to recupe-
rate its initial shape, expanding and exercinga gripping pressure, ~, distrib~ 
ted on the inner surface of the component, figure 2.6, gripping it. This gripping 
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pressure is related with the amount of the remaining deformation of the body. 
The theoretical analysis for the design of the mandrel has been 
performed in two major steps, ·the first one being subdivided in other several 
ones, concerned with the analysis of different specimen representing the ele-
ments shown in figure 2.2, from which it would be possible to obtain the rela 
tionship between the load force P and the deformation that it provocated. 
From this analysis it has been possible to define the final geometrical shape 
for the elements and,on this basis, a mandrel has been manufactured, its ana-
lysis in terms of deformation,and gripping pressure constituting the second 
major step of the theoretical analysis. 
The analysis· of the different elements has been made considering 
them as complex beams. This type of beam is usually analysed, (66), (67), 
(68), considering them subdivided into independent segments as long as a ben-
ding moment, an axial force as well as a shear force are applied at the cut 
end of the remaining portion of the beams, and further analysed using the Cas 
tigliano's method. This one, in its most general form, 
= 
au 
ap (2.1) 
means that the deflection, 01, of a structural element at a particular point 1, 
is equal to the rate of change of total energy U (for all members) with respect 
to the force P •. The partial derivative implies that all other forces acting on 
the structure are assumed to remain constant while P is raised of a small amount. 
The total energy is written in terms of energy per unit length of the 
beam (or portion of the beam) being analysed: 
U = f f(U)ds 
s 
(2.2) 
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The performed analysis involved some assumption as, that all parts 
analysed were initially straight, plane cross sections remained plane and all 
the loads provocated deformation under the elastic limits, that is stress pro-I 
portional to·strain. 
The first type of specimen be.~analysed is represented in figure 
2.7 and the intention was to represent the incline parts of the mandrel ele-
ments, shown in figure 2.2. From the analysis of these specimen three expre~ 
sions have been obtained, one relating the force ~, figure 2.7, with the hori 
zontal displacement, HOj, page 31 , the second expression relating that force 
P with the vertical displacement VDj, page 40 , and the thirth expression in-
terralating those two displacements HOj and VDI, page 41. 
The secona type of specimen analysed, figure 2.8, were Gonstituted 
of two incline parts, AB and CD, with a straight one, BC, in between them. On 
the same way as for the earliest type, parametric expressions have been obtai . 
ned relating the load force P and deformations,pages 67 and 70. 
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From the results of the analysis of both type of specimen the ge~ 
metrical shape of the"elements of the mandrel has been defined as represented 
in figure 2.9. 
FIGURE 2.9. 
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The last specimen analysed, figure 2.10, represents already 
--,--_. __ .-_. __ . 
FIGURE 2.10 
a real section of a diaphragm mandrel and it has been analysed not only in 
terms of relationships between the load force and consequent deformations 
but in terms of gripping pressure, as well. The results from this last ana-
lysis have been transposed for the whole mandrel, chapter 11, page 125 on. 
At this stage the final parametric expressions of the mandrel were 
obtained and a thirth step has been undertaken in vew to simplify those expre!, 
sions, enabling an easiest utilization of them. Mathematical and numerical 
analysis, as well as computing methods have been employed for the purpose. 
Furthermore and on basis of the results ,obtained so far, a design 
method of diaphragm mandrels has been established which enables their specifi-
cation in terms of a particular work need. 
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3 - THEORETICAL ANALYSIS OF THE SPECIMEN MKl 
3.1 - Introduction 
The first ~nalysed type of specimen, specimen MKI , is represented 
in figure 3.10 and plate 3.1, pages 42 and 43; respectively. Its theore-
tical analysis concerning the relationships between load and consequent defor 
mat ion has been made based upon the internal energy theory. 
For any linear structure the total defection 0, at any point due 
to a system of loads denoted by~, depends on the bending,axial, shear and 
torsion-al stifness of the member of the structure and its shape. The various 
components of the total deflection may be represented pararnetrically, in its 
general form, as follows, (67): 
[ L3 L L L3 1 <I = !:. KI'- + K2'-- + K3'- + K4'- (3.1) 
El AE AG GH -
where KI, K2, K3 and K4 are constant coefficients relating the overall shape 
of geometry of the structure and El, EA, AG and GH represent the flexural, 
axial, shear and torsional rigidities, respectively. 
In the case of the present analysis the load conditions of the sp~ 
cimen do not provocate the existence of torsional effect and thus, the total 
deflection will be function only of the bending, axial and shear effects. 
Assuming the refered load conditions as represented in figure 3.1 
and considering the point C moving along the OX axis direction, the point A 
remaining pined, its deformed shape when loaded by the force P will be as re 
presented exagerately in figure 3.2. Designating, in this figure 3.2, the 
-->---_ .. _-,.-
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horizontal displacement of the point C by HDl and the vertical displacement of 
the point B by VDl. the relationships between the load force P and those disp1~ 
cements are derived as follows. 
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3.2 - Horizontal Displacement, HDj. for the Specimen MK) 
The total displacement, HD), of the point C, figure 3.2, along the 
horizontal direction (OX axis) which coincides with the direction of the load 
force !.' .will be, from expression (2.1) , page 19. 
au 
(3.2) 
ap 
where U is the total internal energy of the specimen with respect to tpe load 
force !.' this energy being due to the ea~lier refered bending,axia1 and shear 
effects. 
Because of the specimen,as well as the load situation,sJmmetry the 
method for determination of those effects on the deflections can.be based upon 
the figure 3.3, which schematics half part of the specimen MKj • 
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3.2.1 - Bending Effect on the Horizontal deflection of the 
Specimen MK} 
From (66), the energy per unit length due to the bending effect is 
given by: 
= 
1 
2 
'(3.3) 
where Mx is the bending moment due to the force P, at a section m-m', figure 
3.3, located at a generic point (x,Y), the distance x being measured along 
the actual length L of part BC, because the integration of equation (3.3) 
must be done over that length. 
The moment arm of force Pis: 
Y = x.sine 
and, on the other hand, the moment due to that force is: 
= P.Y (3.5) 
and so the expression for the moment will be: 
M,i = P.x.sine (3.6) 
Substituting M,i in expression (3.3), the energy per unit length due 
to bending effect becomes: 
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1 (p.x.sin8)2 
= (3.7) 
dx 2 E. I 
and the total energy due ,to that effect will be: 
fL 
1 Q'..x.sine)2 
UM1 = dx 0 2 E.I 
1 p2 L3 
UM1 = . sin
2e (3.8) 
2 E.I 3 
Ll 
or, as L =- (figure 3.3): 
co se 
1 L13 sin2e p2 
UM = (3.9) 
6 E.I cos 3e 
3.2.2 - Axial Effect on the Horizontal Deflection for the 
Specimen MKl 
From (66) the energy per unit length due to the axial effect is gi-
ven by: 
1 
= (3.10) 
dx 2 E.A 
where PA is the axial component of the load force P, which is, figure 3.4: 
PA = p.cose (3.11) 
- 28 -
y 
o 
FIGURE 3.4 
Thus the energy per unit length will be: 
= (3.12) 
dx 2 E.A 
and the total energy due to the axial effect becomes: 
L 1 (~.cOSS)2 UA1 = f - dx (3.13) 0 E.A 2 
1 p2 
UA 1 = cos
2S.L (3.14 ) 
2 E.A 
Ll 
or, substituing L by 
cosS 
1 Ll 
UA1 = cosS.p2 (3.15) 
2 E.A 
ven by: 
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3.2.3 - Shear Effect on the Horizontal Deflection for. the 
Specimen MK! 
From (66) the energy per unit length due to the shear effect is gi 
1 
= Ks • 
dx 2 
2 PS1 
A.G 
(3.16) 
where PS! is the shear ~omponent of the load force P, figure 3.5, which is 
equal to: 
= P. sine (3.17) 
y 
.P 
o 
, 
FIGURE 3.5 
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The factor Ks is added to·account for non-uniform distribution of 
shear stress over the cross-section of the considered beam. From G. R. Cow-
per (69), for a rectangular cross-section this coefficient is equal to: 
10. (1 + v) 
Ks = (3.18) 
12 + 11. v 
where v is the Poisson's ratio for the material. 
From expressions (3.17) and (3.16), the energy per unit· length, due 
to the 'shear effect will be·: 
1 (~.SiriS)2 
= -- . Kg • (3.19) 
2 A.G 
and thus the total energy due to that effect is: 
L 1 (:t. sinS) 2 
USj = J - . Ks . d" (3.20) 0 2 A.G 
1 p2 
USj = . Ks . . sin2S.L (3.21) 
2 A.G 
or, substuting L by , (Figure 3.3): 
cosS 
1 
= • Kg • p2 (3.22) 
2 A.G cosS 
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The total energy, UH1' for the specimE'n MK1 with respect to the 
load force !:' figure 3.1, will be the sum of the energies dU,e to the bending, 
axial and shear effects, as follows: 
(3.23) 
or, substituting UM1 , UA! and US! by their expression (3.9), (3.15) and 
(3.22), respectively: 
2. {~ • L1 3 sin2e 1 L1 1 ~ Sin2) UH = +- • cose +- • Ks • .p2 1 E.! cos 3e 2 E.A 2 AG cose 
(3.24) 
From expression (3.2), the total horizontal deflection, HDl ,of 
the point C, figure 3.2, becomes: 
Rn = 
1 (3.25) 
8P 
Substituting UH1 by the expression (3.24) and calculating the par-
tial derivative (3.25) the final expression for the horizontal displacement of 
that point C, will be: 
=G' 
L1 3 sin2e 1 L1 1 
• L1 sin2) Rn +- • cose +- • Ks P 1 E.! cos 3e 2 E.A 2 AG cose 
(3.26) 
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3.3 - Vertical Deflection, VD! ' for the Specimen MK1 
The ·determination of the vertical deflection of the point B in fi-
gure 3.1, page 
HOj 
2 
24 , can be easily understood by the analysis of figure 3.6: 
FIGURE 3.6 
H01 
2 
C' 
x 
The pointB remaining fixed and the points A and C free with the 
load force P applied on them, the vertical disp1acements VDA and VDC of the 
points A and C, respectively,. are equal to the vertical displacement of the 
point B, (VD 1 ). the point A remaining pined, figure 3.1, and the point B 
SECT ION m-m': 
r1 
HT~ 
A 
-bII~--
- 33 -
FIGURE 3.1 (repeated) 
constrained to the OX axis direction. 
x 
For the determination of those vertical disp1acements the CastigH~ 
no's Method can again be used, for which a infinJtive small "dummy" force Q 
is applied, along the direction of those disp1acements, at the point which 
displacement is to be determined, figure 3.7, and the partial derivative. 
aQ 
calculated, after which the "dummy" force ~ will be equalized to zero. 
Because of the ~mmetry,the vertical displacement of point A, 
VDA is equal to 'the vertical displacement VDC of point C and thus only 
the expression for the displacement VDC is to be evaluated. 
As well as for the horizontal displacement, IIDJ , earlier deduced, 
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y 
L 
fJ 
,:- m' 
'\, 
.' . 
x 
0+-"-" 
FIGURE 3.7 
VD1 :r-..... - l _ 
)( 
Q 
section 3.1.1, the total internal energy, for the vertical displacement, will 
be due to thebending, axial and shear effects, as follows. 
3.3.1 - Bending Effect on the Vertical Displacement for the 
Specimen MKr 
Proceding as for the horizontal displacement, section 3 :1.1, the 
energy per unit length due to the bending effect is given by: 
1 
= (3.3 - repeated) 
dx 2 E.I 
where, in this .case, the bending moment Mx is due to the force P and !i 
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From figure 3.7, the moment arm of the force pis: 
Y = x. sine (3-.27) 
and the moment arm of the force Q is: 
X' x.cose (3.28) 
Thus the moment due to those forces will be: 
Mx = !:. Y + Q.x I (3.29) 
Mx = (f. sine + Q.cose).x (3.30) 
and the energy per unit length due to the bending effect is: 
1 (f. sine + Q.cose)2 
= (3.31) 
dx 2 E.I 
the total energy due to this effect being: 
(~.sine + ~.cose)2 
• x 2 • dx (3.32) 
1 
2 E.I 
1 (P.sine + Q.cose)2 
-. - (3.33) 
2 E.I 3 
,or, substituing L by L1 figure 3.3: 
cose 
, 
1 (P. sine + ~.cose)2 L 3 
UM 1 (3.34) 
6 E.I cos 3e 
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3.3.2' - Axial Effect on the Vertical Deflection for the 
Specimen MKJ 
The axial component PA, figure 3.8, of the load force P'is: 
PA = !'.. cosS (3.35) 
and the axial component of the force Q is: 
QA = Q..sine (3.36) 
y 
, Q 
p 
o x 
FIGURE 3.8 
The energy per unit length due to the axial effect is equal to: 
(3.37) 
dx 2 
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(X.cose + g.sine)2 
= (3.38) 
dx 2 
and thus the total energy, will be: 
L 1 (P.cose + Q.sine)2 
= ~ dx (3.39) 
2 . E.A 
1 (f. case + Q.sinS)2 
= • L (3.40) 
2 E.A 
or, substituting L by i 
cosS 
1 (f.cose + Q.sine)2 
2 E.A 
(3.41) = 
coss 
3.3.3 - Shear Effect on the Vertical Deflection of the 
Specimen MKJ, ' 
From figure 3.9 the shear components of the forces ~ and Q, are 
equal, respectively to: 
Ps = X.sine (3.42) 
and 
Qs = ,9.. cose (3.43) 
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y 
8 
. 
". 
"'-. "~~e Q p 
0 , , ~ X 
FIGURE 3.9 
The energy per unit length due to shear effect is, from (64): 
(3.44) 
dx· 2 A.G 
d Us) 1 . (P.sinS + Q.cosS)2 
= - Ks (3.45) 
dx 2 A.G 
and thus 
,L 
1 (!:.sinS + ~.cosS)2 
Us = Ks . dx (3.46) ) 0 2 A.G 
1 (P.sinS + Q.cosS)2 
Us = • Ks . • L· (3.47) ) 2 A.G 
and, after substituting L by 
cosS 
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I 
= • Ks. (3.48) 
2 A.G cosA 
As well as for the horizontal displacement, HDj , section 3.2, the 
total energy, UVj, of the specimen with respect to the forces ~ and Q ' will 
be the sum of the energies due to the bending, axial and shear effects: 
(3.49) 
substituting UM , UAj , and USj "by their expressions (3.34), 
(3.41) and (3.48), respectively, the expressions of that total energy becomes: 
= 
1 
" 
1 
+ -
6 
(~.sine + Q.cos6)2 
E.! 
(P.cosS + Q.sinS)2 
E.A 
+ -. Ks • 
2 G.A 
+ 
-- + 
cosS 
(3.50) 
cosS 
As earlier refered', page 33, the vertical displacement will be equal 
ti ' 
to the derivative of the total energy, UVj , calculated for the fict~s'force 
Q, after which it will be equalized to zero: 
)Q = 0 (3.51) 
-------------------, 
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Substituting DVJ in expression (3.51) by its expressions (3.50) 
and calculating the partial 'derivative, the vertical displacement of the 
point B, figure 3.1, will become: 
=~. ~ 
\; E.I 
sinS L J 
--- +--
cos 2S A.E 
sinS ).!:. (3.52) 
A.G 
where I, A, El, EA and AG have the same meaning as refered in page 23. 
Expressions (3.26) and (3'.52) represent, respectively, the relation 
ships between the horizontal and vertical disp1acements and the force P for 
the points C and B, figure 3.1, of the specimen MKJ. 
From those relationships i1 would appear that def1ectio~are linear 
functions of the force P. 
In fact the lateral deflection will cause the geometry to change, 
decreasing the bending moments. However as the dimension of the analysed spe-
cimens are small, those deflections will be very small as well, and their ef-
fect'in changing the geometry of the specimen can be neg1ejected. 
3.4 - Relationship between the Horizontal and Vertical Deflection 
for the Specimen MKJ 
From expressions (3.26) and (3.52) the expression ,relating the ve£ 
tica1 displacement VI1J , of the point! of the specimen MKJ , figure 3.1, as 
function of an applied horizontal displacement HDJ , of the point C, point A 
,remaining pined, becomes: 
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1 L1 3 sine Ll Ll 
---+ . sine + Ks . sine 
3 E.! cos 2e AE A.G 
VD = lID 1 
2 Ll 3 sin2S Ll Ll sin2 e 
+ 2 . . cosS + 2Ks --
3 E.! cos 3S A.E AG cosS 
(3.53) 
Two specimen MKl , designated by MKll ' and MK12 ' represented in 
figure 3.10, page 42 and plate 3.1, page 43, have been manufactured from EN8 
steel and experiments been made for the obtaining of the experimental values 
of the relationship (3.53). 
Those results are presented in chapter 5 and discused in chapter 6. 
SPECIMEN HK! 
! 
SPECHlEN MK! 
2 
- 42 -
I 
I 
0D 
--.. _J-1!I~- -- -.....30,..411--1'._-
DIMENSIONS: 
LI - 35 mm 
B 7 mm 
H 8 nnn 
61 - 300 
62 - 450 
0D - 3.5 nun 
. 0DI - 8 nnn 
FIGURE 3.10 - SPECIMEN MKI 
a-a': 
b-b' : 
- 43 -
PLATE 3 . 1 - SPECIMEN MK] 
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4 - EXPERIMENTAL EQUIPMENT FOR THE MEASUREMENT OF THE HORIZONTAL / 
/ VERTICAL DEFLECTION OF THE SPECIMEN MKI 
Instrument Data 
- Rank Tay10r Hobson Micro-Comparator with two axial transducer 
heads. 
Full Scale deflection ranges: O.lmm, O.03mm, O.Olmm and O.003mm. 
Mean sensivity on 0.003 F.S.D. = O.OOlmm 
- Sigma Fine Adjustment Stands 
Sigma Instrument Co. Ltd,-- Letchworth. 
The experimental apparatus for the measurement of the Horizonta1/ 
/Vertica1 deflection of the specimen ~ , is shown in plate 4.1 and figure 
~1, pages 46 and 47, respectively. 
!he measurement device was fundamentally constituted of a Sigma-J~ 
nes rotary table ~ , figure 4.1,· page 46, a tilting table ~ and a spe-
cially designed measurement fixture ~. 
!he tilting table @) was mounted on the Sigma - Jones rotary gra-
mated ·tab1e @, which had a rotational @, longitudinal @ and crossed 
@ movements, commanded by means of the graduate hands @, @ and @, 
. respectively. The special measurement fixture 0, which is represented in 
figure 4.2, page 48, was attached to the tilting table by means of tee nuts 
and screws @' @. It was composed of a b1ock0, with a longitudinal tee 
slot, in wich two slides,· ® and @, were mounted, one of them @ being 
------------------ - -- - - - - ------- - --- ---- ----------------
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fastened' tbthe block and the other being free to slide in through the tee slot. 
The fixed slide @ , had a system which enabled to push the other, 
~ide by means of a threaded piece ~, attached to him and a screwed piece, 
~ , through it. 
llirning the handle @ of this piece on a clockwise sense, the 
screwed piece @ pushed the movable slide, moving it aside from the fixed 
slide, QJ9. Both slides had a longitudinal slot ~, and a crossed hole 
through which a pin @' was inserted: Those pins hold the specimen ® to 
the slide. 
lWo adjustable stands were used, holding each one an axial transdu 
cer head which stylus was placed against the points where the readings were to 
be taken., The stand holding the vertical transducer head CI) was mounted on a 
braket angle plate ~ and the other stand ~, for the horizontal readings, 
was mounted on the tee plate of the tilting table. 
I?i' turning the slide table handles, @' ® and @' the desi-
red location of the vertical transducer head stylus ([) was achieved. 
Both transducers were connected to the Mitronic Micro - Comparator 
by means of a three position switch box wich enabled the connection, until 
furee transducers, to the indicator unit obtaining directly the readings of 
the displacements. 
All of the slide surfaces were ground and an adequate lubrificant 
used to reduce to a minimum the friction during the experiments. 
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PLATE 4 . 1 - Experimental apparatus for the Specimen HKl experiments 
- 1,7 -
I I L __ ......,~.----,.----J .. ___ --______ .. -- _ I 
, , , 
~-----V_r-=::~-::=:~~:=~~-:=~------~---
.. '" 
FIGURE 4.1 - Experimental Apparatus for the Specimen MKl experiments 
w-w': 
\ 
___ w' 
FIGURE 4.2 - Special Measurement Fixture for the displacement readings of the Specimen MKl 
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" -~~ 
, 1) - Axial transducer head (vertical displacement") 
'j o - Fine Adjustme'nt Stand 
----, \~) - Angle braket 
/' ., 
'\~) - Transducer head stylus (vertical displacements) 
Ci) - Measurement fixture 
,-:\ ~)- Measurement fixture slide 
(2) - Transducer head stylus (horizontal displacements) 
" ~ - Axial Transducer head (horizontal displacements) 
CV - Specimen 
@ - Screwed piece 
@ - Measurement fixture slide (fixed) 
@ - Hand of the screwed piece 
(13) - Screw 
@ - Tilting table 
@ - Angular Graduate Scale 
@'- Tee nut 
@ - Tilting table 
@ - Locking nut of tilting table 
@ - Graduate rotary table 
~ - Rotary table hand (graduate) 
~ - Cross slide table hand 
~ - Longitudinal slide table 
@ - Longitudinal ,graduate scale 
@ - Longitudinal slide table hand 
@ - Tee slot 
@ '- Tilting table locking slot 
(§0 Cross slide table 
@ - Pin 
CHAPTER 5 
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5 - PROCEDURE FOR THE HORIZONTAL/VERTICAL EXPERIMENTAL 
RELATIONSHIP TESTS OF THE SPECIMEN MK] 
The purpose of this experiment was to obtain an experimental rela-
tionship, for the specimen MKl (MK11 and MK12, figure 3.10, page 42 ) between 
the horizontal displacement applied to the end C of the specimen, figure 3.1, 
page 24, (the end A being pined) and the consequent vertical displacement of 
their angle corner, B. 
The equipment for this experiment is shown in figure 4.1 and plate 
4.1, pages 47 and 46, respectively, and described in chapter 4. 
The specimen were mounted on the slide of the special measurement 
fixture, figure 4.2, page 48 , by the use of two pins ,_ one on each end A 
andC. 
The measurement fixture was fastened to the tilting table, figure 
4.1 and two axial transducer heads, hold in their adjustable stands, placed 
with their stylus against the points Band C, figure 4.1. These transducer 
heads were connected to the measurement unit and had been previously calibra-
ted before starting the experiments, the calibration method as well as its re 
suIts being described in chapter 19. 
Displacement increments of O.0127mm until the total displacement of 
O.127mm, and of O.0317mm until the total value O.222mm. have been applied to 
the free end of the specimen MKll and MK12, respectively, the values of those 
displacements being obtained by the horizontal transducer head. 
For each horizontal increment of applied displacements on the free 
end of the specimen, the correspondent vertical disp1acements values of their 
----------------------
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angle corner B have been obtained by the vertical transducer head 1, figure 
4.1, page 47, and read in the Mitronic Micro - Comparator, which was set to 
zero datum before the application of the first displacement. 
The experiment has been repeated five times for each specimen. Ta 
bles 6.2 - 6.3 and figures 6.1 - 6.2 show the registered experimental values, 
as well as the theoretical expected ones obtained from the expression (3.53)_ 
page 41. 
The maximum displacement applied for each specimen has been calcu-
lated to be well within the maximum stress admissible for each specimen, this 
calculation being presented in chapter 19. 
CHAPTER 6 
.- .------------~ 
ANALYSIS AND DISCUSSION OF THE RESULTS FROM 
THE EXPERIMENTS OF THE SPECIMEN MKl 
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6 - ANALYSIS AND DISCUSSION OF THE RESULTS FROM THE EXPERIMENTS· 
OF THE SPECIMEN MK] 
From the results of the experiments of the Specimen MK! , which are 
shown in tables 6.2 and 6.3 and figures ~.l and 6.2, pages 54-55 ana 56-57 
respectively, it can be concluded that the value of the difference between the 
expected results obtained from the theoretical analysis, expression (3.53), p~ 
ge 41 , and the value from the experiments, is around 3-6%. This means that 
the followed method for the theoretical analysis has an enough accuracy for 
the purposes. The refered differences are probably consequence of the assum~ 
tions made during the theoretical analysis, page 23, as well as errors during 
the experimental readings and in the machining of the specimen. 
On basis of the expression (3.53), page 41 , and considering the te~ 
ted specimen, figure 3.10, page 42, the following conclusions may be obtained: 
- the influence of each considered effect (bending, axial 
and shearing), 'on the vertical deflection of the specimen, are distributed as 
follows, (table 6.1): 
Specimen Specimen 
MK!! MK!2 
Bending Effect 95.4 % 96,9 % 
, Axial Effect 0.93% 0;63% 
Shear Effect 3.64% 2.46% 
TABLE 6.1 
L-___________________ I 
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which means that the bending effect has the highest influence, the axial 
effect having the smallest one. 
parameter, 
the bending effect being function of more than one 
(from expression (3.52), page 40 
VD) 
M 
= 
1 
3 
, where is· the vertical de-
flection due to the bending effect), it is important to conclude which param~ 
ter provocates, when varying, the highest variation on that effect. Conside-
ring, in this stage of the investigation, that effect as a function of the 
paramerters Ll and e , figure 3.10, page 42, it can be concluded, by a math~ 
matical analysis, that in terms of percentage, the variation of L) provocates 
a bigger variation on the bending effect than the parameter e • 
Figures 6.3 and 6.4, pages 58-59 show the curves, resulting from 
that analysis, of the variation of the bending effect,from a variation of 10% 
of each paramete~L) and e 
• 
For each Specimen the variation of the parameter L) provocates an 
higher variation on that effect although for the Specimen MK12 the difference 
between the variation provocated by both parameters is smaller than for the 
other Specimen. 
These conclusions will be taken in account during the following 
chapters of this investigation, specially for the simplification of the ex-
pressions for the diaphragm mandrel. 
HORIZONTAL 
APPLIED 
DISPLACEM: 
VERTICAL DISPLACEMENT READINGS 
HD!! VD!! AVERAGE trnEORETICAL DIFFERENCE 
(nun) (nun) (nun) V~~~S % 
- - - - -
_._-
.-._--
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -
. 
0.0127 0.0105 0.0105 . 0.010 0.0105 0.010 0.0103 0.0107 I 3.7 
0.0254 0.0200 0.0205 0.0205 0.0210 . 0.020 0.0204 0.0215 5.1_ 
---
0.0381 0.0305 0.0305 0.0305 - 0.0315 0.0305 0.0307 0.0323 4.9 
0.0508 0.0405 0.0405 0.0410 0.0410 0.0405 0.0407 . 0.0431 5.5 
0.0635 0.0510 0.0510 0.0505 0.0510 0.050 0.0507 0.0539 5.9 
0.0762 0.0615 0.0610 0.0610 0.0615 0.0610 0.0612 0.0647 5.4 
. 
0.0889 0.0720 0.0.715 0.0720 0.0720 0.0715 0.0718 0.0755 4.9 
0.1016 0.0820 0.0815 0.0820 0.0825 0.0820 0.0820 0.0863 4.9 
--
0.1143 0.0930 0.0925 0.0925 0.0930 0.0925 0.0927 0.0971 4.5 
0.127 0.1035 0.1030 0.1030 0.1035 0.1030 0.1032 0.1079 4.5 
. 
TABLE 6.2 - HORIZONTAL I VERTICAL DISPLACEMENTS FOR THE SPECIMEN MKl1, (8 = 30°) 
HORIZONTAL . 
APPLIED 
DISPLACEM; 
VERTICAL DISPLACEMENTS READINGS 
HD12 VD12 AVERAGE THEORETICAL DIFFERENCE VALUES 
(mm) (mm) (mm) (mm) % 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-
0.0317 0.0150 0.0150 0.0145 0.0155 0.0155 0.0151 0.0158 4.4 
0.0635 0.030 0.030 0.0305 0.0305 0.030 0.0302 0.0317 4.7 
0.0952 0.0445 0.045 0.0430 0.0445 0.0460 0.0446 0.0475 6.1 
0.127 0.060 0.060 0.062 0.062 0.061 0.0610 0.0634 3.8 
0.1587 0.0760 0.760 0.0775 0.0760 . 0.0770 0.0765 0.0792 3.4 
0.01905 0.0905 0.090 0.0970 0.0915 0.0910 0.0920 0.0951 3.2 
0.2222 0.1055 0.1050 0.1055 0.105 0.1055 0.1053 0.1109 5.0 
TABLE 6.3 - HORIZONTAL / VERTICAL DISPLACEMENTS FOR THE SPECIMEN MK12, (9 = 450 ) 
(mm) . 
0.13 
0.12 
0.11 
0.1 0 
0.09 
0.00 
0,07 
0.06 
0,05 
0,0 
0,03 
0,02 
0,01 
HORIZONTAL DISPLACEMENT APPLIED 
SPECIMEN MKll 
THEORETICAL CURVE 
EXPERIMENTAL CURVE 
QO~~-r __ ~ ____ ~--~--~--~.---~---r--~----r---'---~--
0,05 0,06 Q07 o,os 0,09 0.10 0.11 0.12 00 Q01 0.02 0,03 0,04 VERTICAL DEFLECTION ( mm) 
FIGURE 6.1 - HORIZONTAL / VERTICAL DEFLECTIONS OF SPECIMEN MKll 
( mm) HORIZONTAL DISPLACEMENT APPLIED 
0.26 .. SPECIMEN MK12 
0,24 
0,22 
0,20 
0.1 \3 THEORETICAL CURVE 
0.16 
0.14 
EXPERIMENTAL CURVE 
, . 
0.12 
0.10 
0,0\3 
0,06 
0,04 
0,02 
0,0 
0,03 0.04 0.05 0,06 0,07 0,08 0.09 . 0.10. . .. ill1 0.12 ;~R;~CA~-;~;~~~T;ON (mm) 
FIGURE 6.2 - HORIZONTAL / VERTICAL DEFLECTIONS OF SPECIMEN MK12 
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7 - THEORETICAL ANALYSIS OF THE SPECIMEN MK2 
7.1 - Introduction 
The specimen tyoe MK2 are represented in figure 7.6 and shown in 
'plate 7.1, pages 71 and 72, respectively. 
These Specimen have been considered, for the theoretical analysis, 
as c'omplex beams composed of three straight elements, two of them being inde-
pendent cantilevers and the other one, in between those two, being an inter-
mediate part with an applied moment and a tensile load actuating on both ends, 
as represented in figure 7.1. 
L 
pM B 4 C M P ._'._' . j--J 
f P 
FIr.Ull,E 7.1 
--------------------------------------, 
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Under that load situadon the Specimen will bp deformpd as repre-
sented,·exagerating, in figure 7.2. 
C C' 
-- --
------.:..-----
-------------
--
.P 
--
FIGURE 7.2 
~~ 
0' 
.\--.-
-' 
This theoretical analysis had two main objectives, the first one 
being the definition of the relationship between the load force ~ (figure 
7.2) and the horizontal displacement of point Q, the point A remaining pined, 
and the second one to relate that load force P with the vertical deflection of 
intermediate part BC of the Specimen. 
The analysis has been carried out in two steps. Firstly, consid!: 
ring the parts AB and CD of the Specimen as cantilever beams, as represented 
in figure 7.1, and using the previously analysis made for the Specimen MKl 
chapter 3, page 23. The second step has been corcerned wi th the analysis. of 
the intermediate· part BC, figure 7.1, its results being added to those from 
the· first step. 
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7.2 - Horizontal Displacement (HD2) of the. Specimen MK2 
The geom~tric shape as well as the load situation of the incline 
parts of the Specimen, figure 7.1, are similar to those of the Specimen MKI, 
figure 3.1, page 24, and so the expressions evaluated then, (3.26), (3.52) 
. and (3.53) may be used in the present case. Thus the horizontal displacement 
of the point ~, figure 7.2, the point ~ remaining pined, will be, if conside-
ring only the incline parts: 
(; LI 3 §in2S LI LI Sin2S) HD Z' = + 2. -- cosS + 2.Ks • .P E.11 cos 3S AI·E. Al·G cosS 
(7.1) 
To this displacement it is necessary to add the 1enght increase of 
the intermediate part BC, as well as the effect of changing in slope at its ends 
when that part deflects. This load situation is a combined axial and trans-
verse load, which is considered as a pure bending provocated by the constant 
moment, M , figure 7.1, page 60, applied at. both ends. 
The analysis of beams supporting both types of loads is complex be 
cause the principle of superposition is not applicable in this situation, as 
the axial tensions tends to straighten the beam and thus reduce the effect of 
the bending moment. The solution must, however, account for the simultaneous 
effects of both type of load. Many texts of Strengh of Materials (66), (67) 
(68) make the analysis of this problem specially for the case of columns • 
As, in·the present case, the 1enght of the beams and their deformations are 
very small, as well as the load state being of tension, it has not been consi 
dered the bending moment .due to the combined effect of axial and transverse 
loading and then the problem has been analysed as if the superposition princi-
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pIe were applicable and thus add thE' effE'cts of thE' axial tension load to 
the effects of the constant bending moment applied at the ends of the inter-
'mediate parte BC, figure 7.1, of the Specimen. 
These two effects are opposite. While the axial load tends to in-
crease the lenght of the beam and, in consequence, increase the horizontal 
displacement of, the point Q, figure 7.1, the curvature provocated by the mo-
ment tends to decrease that displacement. Furthermore, when a beam supports 
a bending moment, or in other words, when a beam bends by the application of 
transverse loads, not only normal tension will appear but also shearing stre~ 
ses. One consequence of this fact is that the, initially, flat surfaces be-
come curved due to those shearing deformations. 
In the case of the Specimen being analysed, the d'ef1ections are very 
small (in the order of microns) and those effects will be neglegeated. 
On basis of those assumptions, the effects on the horizontal dis-
placement provocated by the axial loading f, figure 7.1, and the bending mo-
ment, ~, on the intermediate part BC of the Specimen are deducted as follows: 
Refering the figure 7.3, the axial extension provocated ,by the 
FIGURE 7.3 
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force P ;8: 
P.L2 
(7.2) 
E.A2 
The bending moment ~, curves the beam BC, figure 7.4, and thus the 
distance L2 becomes equal to S. 
.I 
28 
/ \ 
FIGURE 7.4 
1 The relationship between the bending moment ~ and the curvature -
r 
figure 7.4, which it provocates is (67): 
1 M 
= (7.3) 
r E .I2 
and 
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From geometrical relation"hips of figure 7.4: 
= 
S = 
r. (2S ) 
2.r.sin (~) 2 
(7.4) 
(7.5) 
The absolute horizontal displacement of point ~, figure 7.2, due 
to the combined effect of the axial load force P and the bending moment M 
will be: 
HD2 •• = op - (L2 - S) (7.6) 
Substituting op and S by the expression (7.2) and (7.5), respec-
tively: 
HD2" '= 
P.L2 
- L2 + 2.r.:!linS (7.7) 
E.A2 
where e is the deflection angle at the ends of the intermediate part BC, fig~ 
re 7.4, provocated by the moment M. From Roark (70) that angle is equal to: 
1 
e = .M. (7.8) 
where L2 is the lenght of that part BC. 
The changing in curvature of that intermediate part BC provocates 
an additional displacement of the end ~, figure 7.2, as it can be seen in fi-
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gure 7.5. From geometrical relationships from this figure it can be conclu-
ded that: 
FIGURE 7.5 
DD' ~ co. tg (3 
ofi'o' , ~ e 
and 
DD" = OD'. sine 
substituting expression (7.10): 
DD" '" CO. tgS. sine 
.......... 
..... ~D) 
.. >£.8 ~'//I ... I - . .:;~ __ -1 
o ri' 
(7.9) 
(7.10) 
(7.11) 
(7.12) 
and so, the displacement of the point ~ in the horizontal direction due to the 
change in curvature of the part BC of the Specimen is, after substituting CO 
L' 
by --1-e ' figure 7.1: cos 
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L .tgB.tgS 
1 
(7.13) 
Thus the total horizontal displacement of the point ~, figure 7.2, 
of the Specimen, the point A remaining pined will be: 
= llD' 2 + llD" 2 + lID'11 2 (7.14) 
where 1lD'2' 1lD"2 and 1lD"'2 are given by the expression (7.1), (7.7) and 
(7.13) respectively. Substituting those expressions: 
= [ 
2 LI 3 sin2S LI LI ~n2sJ 1lD2 ---+ 2. • cosS + 2.Ks • .P + 
3 E.II cos 3S E.AI G.AI cosS 
(P.L2 V + ~ - L2 + 2.r.sinB + LI·tgB.tgS (7.15) 
E.A2 
where 
E.I2 
r = 
M 
1 L2 
B = . M. 
E.I2 2 
7.3 - Vertical Displacement, VD2 , of the Specimen MK2 
Proceding as for the Horizontal displacements analysis (section 
7.2), the expressions of the vertical deflection of the Specimen MK2 will be 
equal to the. sum of the vertical disp1acements provocated by the deflection of 
the incline parts AB and CD, figure 7.2, and the vertical displacements due to 
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L 2 
C 
-- - - - - - - - - - - --
:....-
-------------
---
C' 
FIGURE 7.2 - (repeated) 
the change in curvature of the intermediate part ~ and, finally, the vertical 
disp1acements due to the deformation of that parL 
The expression of these displacement are presented following: 
7.3.1 - Vertical displacements due to the deflection of the incline 
parts 
From expression (3.52): 
E.II 
sinS LI 
-- + -- sinS + Kg. 
cos 2S AlE 
.1: (7. .16) 
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7.3.2 - Vertical displacement" due- to the change in curvature of 
the intermediate part 
From figure 7.5: 
VDz 
' , 
= 
from expression (7.9) : 
DD' ~ Cri 
thus 
or, substituting CD by ~. 
cose' 
n
l n" = 
• tgS , 
-, 
DD .cose 
7.3.3 - Vertical displacements due to the deformation 
of the intermediate part 
_ From Roark (70):-
VD ""-2 -
(7.17) 
(7.18) 
(7.19) 
(7.20) 
The final expression for the vertical deflections of the Specimen 
MK2 , will be: 
(7.21 
-----------------------------------------------------------------------------------------, 
I, 
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or, substituting the expressions (7.16), (7.19) and (7.20) ; 
(; . Ll3 sine Ll Ll Sine) • VD2 = ---- + sinS + Ks . P + 
Ell cos 2e AlE AIG 
1 ( X2~L2 X2 2 ) + Ll .tgB + -- • M. - -- (7.22) El2 2 
with x2 = "0 for the displacement of point B 
x2 = L2 for the displacement, of point £ 
x2 £ (0 L2) for the displacement of the point in between B 
and C 
and 
1 L2 
B = ---. M·--
El2 2 
M 
'" 
P.Ll. tge 
From the expressions (7.15) and (7.22) the same conclusions and corn 
ments done for the horizontal deflections analysis, section 3.3 , page 40 , 
may be stated, in terms of the linear relationship between the load force P 
and the deformation that it provocates. 
Experiments have been made concerning the load / horizontal and ver 
tical displacements relationship'measurements which are described in chapter 9 
and the correspondent results compared with the expected values obtained from 
the expressions (7.15) and (7.22). 
Figure 7.6 and plate 7.1, pages 71 and 72, respectively, show the 
four type of Specimen MK2 been tested which have been designated by MK21 
MK22 , MK23 and MK24' 
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-_._._.-1-- -- --
, MK 23 Hf: 8 
H2=12.3 
..1--- -- -- -+-- -_. -.-4...~""c:-r~ 
(thickness: 7mm ) ( mm) 
FIGURE 7.6 - SPECIMEN MK2 
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• 
PLATE 7.1 - SP ECIMEN MK2 
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DESCRIPTION OF THE EXPERIMENTAL EQUIPMENT 
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8 - EXPERItffiNTAL EQUIP}ffiNT FOR THE LOAn / HORIZONTAL AND VERTICAL 
DISPLACEtffiNTS RELATIONSHIPS OF THE SPECIMEN MK2 
Instrument Data 
- Rank Taylor Hobson Micro- Comparator with two axial transdu-
cer heads 
Full scale deflection ranges : O. l mm , 0.03mm , O.Olmm and 0.003mm 
Mean sensivity on 0 . 003mm FSD O. OOlmm 
- Sigma Fine Adjustment Stands 
Sigma Instrument CO Ltd., England 
- Force tran sducer , KISTLER Load washer, type 903.1 . 
KISTLER Instruments AG, Switzerland 
- Char ge Amplifi er , KISTLER, type 5001 
KISTLER Instruments AG, Switzerland 
- Ultra-violet Oscillograph, Series 10- 350 
Bryans Southern Instruments Ltd, England 
In plate 8.1, page 76 i s sho.~ the set up for the experimental mea-
suremen t s of the Specimen MK2. 
The devices used in thi s experiment were fundamentaly the same that 
have been used f or t he exper imental analysis of the Spec imen MKj , wich are de~ 
cribed in chapt er 4, page 44, except i on for the device used for the load/hor i-
zontal displacements r elati onship . 
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Th at Bpecial measurement fixture , s hown in fi gure 8 . 1 , page 77 , 
was fastened t o the tilt ing tabl e , whi ch on th e other hand wae mounted on th e 
rotary graduat e tabl e . It . 'as compo sed of a blo ck having a longitudinal t ee 
slot with four slides , @ ' ® , ® and 0) , inserted. One of those s li-
des, ~ ,was fix ed to the bl ock and the other three were free to slide, th~ 
se in the midle , @ and @ , having the f orce transducer @ interposed in 
be t\o.'een them . 
The Spec imen to be ana l ysed was attached to the outside slides , 
@ and CB , by pins @ . By means of the nut/s crew system , @ ' earlier 
described (chapter 4 , page 44), which was attachedto the fixed slide, a 
s trech force was applied to the inner slide ® and transmeted to the other 
slide as well as to the Spec i mens . 
All the s lides and the sliding surfaces were ground and an ap-
propriat e lubrif icant has been used to reduce the fri c tion between the sliding 
surfaces . 
Two axial transducer heads have been used , one, ~ , being placed 
with its stylus against the free end ~ of the Specimen , for the horizon tal dis 
placement readings and the other one, ~ , with its stylus against the int erm~ 
diate part of the Specimen, for the vertical deformation s read ings . Both 
transducer heads were connected to the Mitronic Micro-Comparator unit , where 
the readings were directly obtained. 
The for ce tran sducer , @ , interpos ed in be tween the two mid le s l i 
des , ® and ®, was connected to the Ultra-Violet Oscillograph . This os-
cillograph prov id ed continuous direc t r ecording readings of the output signal 
from the f orce t ransdu cer by r ef l ecting a spot of int ense ultra-violet light 
on a photosensitive recording paper. The mot vement of the light spot was a 
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function of th e amplitud e of the output signal from the force transducer , or 
in other words , it was a function of the value of the force to be read . 
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PLATE 8 . 1 - EXPERIMENTAL SET UP FOR THE EXPERIMENTS OF THE SPECIMEN ~1K2 
FIGURE 8.1 - SPECIAL MEASUREMENT FIXTURE FOR THE SPECIMEN MK2 
®) 
® 
CB 
@ 
@ 
@ 
, -
@~­
®J 
@ 
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Axial transducer head (vertical displacements) 
Special measurement fixture block 
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Axial transducer head (horizontal displacements) 
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Screw piece handle 
Pins 
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EXPERIMENTAL TESTS OF SPECIMEN MK2 
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9 - PROCEDURE FOR THE MEASUREMENT OF THE LOAD I HORIZONTAL AND 
VERTICAL DEFLECTIONS OF THE SPECIMEN MK2 
It was intended, with this experiment, the obtaination of an expe-
rimental relationship between the load force I, figure 7.1, page 60, and the 
deformations that it provocated on the Specimen, the results from the experi-
ments being further compared with the theoretical values obtained from the ex 
pressions (7.15) and (7.22). 
The equipment used in this experiments is shown in plate 8.1, page 
76 , and described in chapter 8. 
The Specimen, plate 7.1 and .figure 7.6, pages 72_71 , were mounted 
on the special measurement fixture, as shown in figure 8.1, page 77, and three 
different readings have been obtained: 
the load force ~, 
the horizontal displacement, HD2. figure 7.2, 
the vertical deflection •. VD2' figure 7.2 
The force transducer was interposed 'in .between the two midle blocks,. 
® and @. f igut:e 8.1. which on the other hand were interposed in between 
the two outside~ slides @ an? CB. 
The axial transducer head, for the vertical readings. was mounted 
on the braket angle plate ~. and the transducer head for the horizontal rea-
dings was mounted on thE'. tilting table. The special measurement fixture was 
fastened to the tee slots table of the tilting table. so 'that the stylus of 
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. the vertical displacement transducer head was always touching th", longitudinal 
axis of the Specimen. 
Before starting the readings and by using the longitudinal slide 
table handle, ~,figure 4.1, page 47, the stylus of the vertical transdu-
cer head was positioned against the point! of the Specimen. Both transducer 
heads were under deflection so that they could move out and inwards during 
the loading process, the Mitronic Micro-Comparator being set to a zero datum 
with the O.lDmm full scale ·deflection range selected. 
Turning the screwed piece handle, QJ9, figure 4.1, incremental 
displacements have been applied to the slide ~ and, in consequence, to the 
end ~of the Specimen, until the maximum value which is defined in chapter 19, 
page 240, has been achieved. This value of the maximum applied horizontal dis 
placement has been calculated in terms of be well within the strenght and de-
formation capacities of the Specimen. 
The value of those incremental displacements was obtained from the 
horizontal transducer head ~ and read in the Micro-Comparator unit, as well 
as the correspondent load force of each increment was registered in the phot~ 
sensitive recording paper of the ultra-violet oscillograph. 
On the same way, after each horizontal displacement increment has 
been applied, the longitudinal slide table was moved so that the values of 
the vertical deflection of the points along the longitudinal axis of the inter 
mediate part of the Specimen, were obtained from the vertical transducer head 
CD and read in the ~cro-Comparator unit. 
Tables 10.1 - 10,4 and figures 10,3 - 10.6, show the registered 
values from the experiments as well as the expected values obtained from the 
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theoretical analys;s of the Specimen, chaptE'r 7. 
The displacements reading system and the· force reading system have. 
been previously calibrated, the calibration. method as well as the calibration 
curves being explained in chapter 19. 
Four different Specimen, which are shown in plate 7.1 and figure 
7.6, pages 72-71 have been manufacture from ENS and tested, the experi-
ments being repeated three times for each one. 
CHAPTER 10 
ANALYSIS AND DISCUSSION OF THE RESULTS 
FROM THE EXPERIMENTS OF THE SPECIMEN MK2 
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10 - ANALYSIS AND DISCUSSION OF THE RESULTS FROM THE EXPERllffiNTS 
OF THE SPECIMEN MK2 
Tables 10.1 - 10.4, pages R9 - 92 , and figures 10.3 ~ 10.6, pages 
93 - 96 give, respectively, the tabled and the graphical representations of 
the experimental results from which it was intention to obtain the relation-
ship between an horizontal applied displacement HD2 (figure 7.2, page 01 ), 
and the porce f related with it. 
Those experimental results are not different from the expected 
ones obtained from the theoretical analysis of,the Specimen (expression 7.15), 
page 67). The percentage of error varies from 5 to 8% and this difference per-
centage remairiVmore or less constant for all the experiments which enables to 
conclude that theoretical analysis was correct and that refered difference can 
be annuled by means of an appropriate coefficient affecting the whole results. 
Some conclusions may 'be established by the analysis of the results 
tables and figures, and ,so, considering the same horizontal applied displace-
ment for all the Specimen: 
I) The Specimen MK24 has the greatest value for the correspondent 
force P of that displacement, followed ,by the Specimen MK21 and MK23 and by the 
Specimen MK22 , for wich it corresponds the lesser value of P. 
11) Between the Specimen MK21 and MK23 the differences for the va 
lues of Pare insignifiant. 
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Ill) Between the Specimen MK21 and MK22' the first one has a big-
ger value of P. 
The geometrical difference between the two Specimen MK21 and MK22 
being concerned only with the height H2 (figure 7.6, page 71) of the interme 
diate part, it may be stated from conclusion II, that the decreasing of the 
refered height implies a decreasing of the value of the force P (considering 
the same applied horizontal displacement for both Specimen). 
On the other hand,from the conclusions III it can be seen that a 
decreasing of the inclination angle e of the incline parts of the Specimen 
(figure 7.6, page 71) corresponds to an increasing of the value of P. 
Later on, chapter 11, page 125, during the analysis of the gripping 
pressure of the diaphragm mandrels, it will be concluded that there is a di-
rect relationship between that force ~ and the refered gripping pressure and 
so the above conclusions will be taken in account during that chapter. 
Rememberi ng: 
a decreasing of the height H2 of the intermediate part of the 
Specimen implies a decreasing of the values of P •. 
a decreasing of the angle of inclination, e of the inclhle parts 
implies an increasing of the values of P. 
Tables 10.5 - 10.8, pages 97-116 and figures 10.7 - 10.10, pages 
117-123, present the tabled and geometrical representation of the vertical de-
flection of the Specimen against incremental applied horizontal displacements 
HD2 (figure 7.2, page 61). 
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The difference percentage between the mean'of the three readings 
for each point of each Specimen and the corre'spondent, theoretical values ob-
tained from the expression (7.22), page 70, varies between 5 and 8%. On the 
same way, and as the earliest experiments (page 82~ those differences seam to 
be not a consequence of an error of ,the theoretical analysis but consequence 
of a constant factor appeared perhaps during the experimental readings. 
The deflection readings have been taken only for the points of 
the intermediate part BC of the Specimen, figure 10.1, page 84, for wich 
those parts have been considered with a length equal to 100 unities and the 
readings being taken on the points 0, 10, 20, 30, 40, ••• , 100. The tables 
show the results only until the point 50 because the Specimen being symme-
trie in refference of a vertical axis passing through point 50, the results 
for the other points (from 60 to 100) were equal to the symmetrical points 
(40 to 0). 
Considering only the point 0 (x2 = 0 , figure 10.1) and analysing 
the figure 10.11 (page 121) it can be concluded that: 
• 
/OlD 20 )J 40 
• I I : I 
I I I I I' I , I I I I I I 
. . . . . . . 
FIGURE 10.1 
. 1QO 
I 
I 
I C, 
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I) As for the horizontal displacement/force ~ experiments, page 
R2 ,the difference of the readings of the Specimen MKZl and MKZ3 are negl.c.-
gible, what means that their behaviour in terms of relationship between hori-
zontal displacements HD z (figure 7.2, page 61), force P and vertical deflec-
tions are quite similar. 
11) The Specimen with the biggest value for the vertical deflection 
is the Specimen MKZ4 followed by the Specimen MKzz and finally by the Specimen 
MKZl and MKZ3 • 
, 
IlI) In terms of curvature of the intermediate part BC (figure 7.2, 
page fil ) under the load ~ it can be concluded from the graph of the figure 
10.12, page l23,that for the same applied horizontal displacement the Specimen 
that curve lesser are MKZl and MKZ3 followed by the Specimen MK zz and finally 
with the biggest curvature, the Specimen MKZ4 
Analysing the refered figure it can be concluded, as.well, that t~e 
application of the same horizontal displacement HD z provocates the biggest ver-
ticaldeflection (in terms of decreasing the heigth Tl , figure 10.1, page· S4) 
on the Specimen MKZ4 and the lessest on the Specimen MKZl and MKZ3 ' the Speci-
men MKz
z 
being in between those ones. 
Meanwhile it must-be payed attention that, as concluded in page 82, 
for the same applied horizontal displacement HD z it does not correspond the Sa-
me value for the force P. But before analysi~g this relationship between that 
force ~ and the vertical collapsing as well as the curvature it is inte~ting 
to conclude, by the analysis of the graph of the figure 10.13, page 123, that 
for the same vertical collapsing of the point 0 (xz = 0) and 100 (xz = 100) 
the Specimen MKz z bends more than the Specimen MKZl or MKz3 • It means that if 
the analysis had been made not in terms of Specimen. but in terms of diaphragm 
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mandrels (see chapter 2, page 15) a mandrel with its elements with the geometrl 
cal shape of the Specimen MK21 or MK23 would remain with its cylindrical section 
more straight that if . its elements were with the shape of the Specimen MK22 • 
If the inclination angle e (figure 7.4, page 64) of the Specimen 
MK22 was decreased that curvature could be lesser, as it can be concluded ana-
lysing figure 10.13, page l23(Specimen MK22 and MK24 ) but, as the same time, 
its vertical collapsing would be lesser as well. 
Refering, once again, the diaphragm mandrels purposes and on the 
basis of the above conclusions it can be concluded that the three fundamental 
needs for the mandrel: 
easy diametral collapsing .. 
uniform gripping (the straightest as possible) interface betwe-
en the workpiece and the mandr.el, 
strong gripping pressure, 
are, in some aspects in contradiction: 
for to have aneasy diametral collapsing their elements would ha-
~ 
ve the geometrical shape of the Specimen MK22 (lesser height of 
their intermediate part) 
for to have the most uniform interface between the workpiece and 
the mandrel, those elements should have a geometrical shape siml 
lar to the Specimen MK21 or MK23 (bigger height of the interme-
diate part) 
a variation of the inclinati6n angle e of the incline parts of 
the Specimen can be used to find an compromise situation between 
those two. 
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On the other hand, aR the analysed Specimen MK2 may be seen as. the 
Specimen MKl (figure 3.10, page 42) with a straight intermediate part BC (fig~ 
re 7.1, page 60), it is inte~ting to compare the values of the vertical deflec 
tion of both type of Specimen under the same load situation. 
Table 10.9, page 124 show the experimental values of the vertical 
deflection of the Specimen MKl (MKl1 and MK12) and MK2 (MK21 , MK22, MK23 and 
MK24)' for these ones being only considered the point x2 = 0 (figure 10.1, page 
84). From that table it can be seen that the Specimen type MK2 have a bigger 
vertical deflection then the Specimen type MKl. 
Comparing the two expressions of the vertical deflection for both 
type of Specimen, expressions (3.52), page 40 and (7.22), page 70 for the Spe-
cimen MKl and MK2 , respectively, the difference between them concernes the 
effect of the curvature of the refered intermediate part, which must be the re~ 
ponsable of the differences above refered. By a mathematical analysis it can 
O~ 
be stated that the refered curvature effect as an influence ~ the vertical de 
flection that can not any more be neglegected. 
For the four analysed Specimen MK2 (figure 7.1, page· 60) the per-
cent age of influence of the various effects on the vertical deflection is as 
follows: 
Effects 
i 
Specimen Bending Axial Shear Curvature 
MK21 (and MK23) 81.5% 0.53% 2% 15.8% 
MK22 53.6% 0.35% 1.3% 44.7% 
MK24 48.32% 0.47% 1.8% 49.35% 
It can be seen that the influence of the curvature effect increases 
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with the decreasing of the ~ight of the cross section of the intermediate 
part of the Specimen, as well as with the decreasing of the inclination angle 
of their incline parts • 
This effect has a relative opposite action on the behaviours of 
the Specimen if these Specimen are looked as elements of a diaphragm mandrel. 
If it increases it provocates an increasing of the flexibility of the elements 
but, at the same time, their intermediate part (wich if assumed as holding 
parts it would be convenient to keep them as straight as possible} become more 
curved and so the distribution of the gripping pressure would not be uniform 
along their 1enght. 
On basis of the whole analysis elaborated so far the geometrical 
shape of the elements of the diaphragm mandrel has been established so that 
"'" they should have the incline parts for an spring beh~iour purpose (diametral 
collapsing, gripping pressure) and the intermediate part for holding purposes. 
Figure 10.2 represents a schematic prototype of the choiced geometrical shape 
for the mandrel. 
FIGURE 10.2 
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(Figure 7.2, page 61) 
Expression (7.15) page 67 1 
P, (figure 7.2, page 61 ) 
Horizontal Experimental values of Mean Theoretical Percentage 
applied the load force (N) values of error displacem. (N) (N) % (mm) . . 
0.0 0.0 0.0 0.0 0.0 0.0 -
. 
0.0254 37 38 37 37.3 34.74 6.9 
... _-
0.0508 73 73 74 73.3 69.49. 5.2 
~ 
0.0762 109.5 110 109 109.5 104.23 4.8 
0.1016 148 146 147 147 138.98 5.4 
I-~-.--.~ .. _- ~~.-- -
0.1270 187 188.5 187 187.5 173.72 7.3 
0.1524 223 223.5 222 222.8 208.47 6.4 
.0.1778 259.5 259 258.5 259 243.21 6.1 
0.2032 295.5 296.5 296 296 277 • 96 6.1 
0.2286 335.5 334 335 334.8 312.71 6.6 
0.2540 371.5 371 370 370.8 347.45 6.3 
0.2794 405 403 404 404 382.20 5.3 
TABLE 10.1 - Relationship of the horizontal displacements/load 
force - Specimen MK2l 
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HD 2, (Figure 7.2, page 61) 
j 
(Figure 7.2, page 61) P, 
r Expression (7.15), page 67 
• Horizontal Experimental. va1 ues of I Mean Theoretical Percentage 
applied I 
disp1acern. the load force (N' ) values of error 
(mm) (N) (N) % 
0.0 0.0 0.0 0.0 0.0 0 .. 0 -
. 
~0_2~_4_. 29 27 29 28.3 27.04 4.4 
0.0508 57 57 58 57.3 54.08 5.6 1--'------ ... - i--'--
0.0762 86.5 87 88.5 87.3 81.12 7.1 
0.1016 117 116 117.5 116.8 108.16 7.4 
0.1270 140.5 142 141 141.16 135.20 4.2 
0.1524 171 171.5 170 170.8 162.25 5.0 
0.1778 204.5 203 202 203.16 189.29 6.8 
0.2032 235 235 236.5 235.5 216.33 8.1 
--
0.2286 264.5 265 264 264.5 243.38 8.0 
0.2540 290 290.75 292 290.9 270.42 7;0 
0.2794 318.5 319 318 318.5 297.47 6.6 
. 
0.3048 347 347.5 346 346.8 324.52 6.5 
0.3302 378.5 377 378 377 .8 351.56 6.9 
0.3556 407 407 409 407.6 378.61 7.1 I 
TABLE 10.2 - Relationship of the horizontal disp1acernents/1oad 
force - Specimen MK22 
- 91 -
, (Figure 7.2, page 61) 
- P, (Figure 7.2, page 61) 
r-- Expression (7.15),page 67 
I , r 
Horizontal , 
of i 
applied Experimental values Mean Theoretical Percentage the load force i values of error displacem. (N) (nnn) (N) I (N) % 
-- --- - -
--- ." 
I - ! 
0.0 0.0 0.0 0.0 I 0.0 0.0 -
1I 
I 
, 
. 
0.0254 36 35 36 35.6 34,74 2.6 
--'-------
0.0508 73.5 75 73. 75 1 74.0 69.49 6.2 
--
0.0762 111.5 110 112 111.16 104.23 6.2 
0.1016 147.5 145.5 148 147 138.98 5.4 
-
0.127 180.5 181.5 181 181 173.72 4.0 
0.1524 220 220.75 222 220.9 208.47 5.6 
0.1778 256 255.5 257 256.1 243.21 5.0 
I 0.2032 292 293 292.7 292.58 277.96 5.8 
-
0.2286 330 330.5 321.5 330 312.71 5.2 
I 
I 0.2540 369.5 368 370.5 369.3 347.45 5.9 
. ~ - .• ---
I 0.2794 406 406.5 407.5 406.6 382.20 6.0 I 
TABLE 10.3 - Relationship of the_Horizontal Displacements/Load 
Force - Specimen MK23 
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HD2 , (Figure 7.2, page 61) 
Expression (7.15), page 67 
f J 
P, Figure 7.2, page 61) 
Horizontal Experimental values of Theoretical Percentage 
applied Mean the load force values of error disp1acem. (N) (mm) (N) (N) % 
0.0 0.0 0.0 0.0 0.0 0.0 -
0.0254 97 98.5 97 97.5 89,95 7.7 
0.0508 190 190.5 191 190.5 179.92 5.5 
0.0762 283.5 283.0 283.0 283.1 269.88 4.7 
0.1016 375 377 .5 376 376.1 359.85 4.3 
0.1270 473.75 475 474 I 474.25 449.82 5.1 
0.1524 576 577.5 575 i 575.5 ·539.80 6.2 , 
0.1778 674 674.5 674 ! 674.1. 629.78 6.5 , : 
TABLE 10.4 - Relationship of the Horizontal Disp1acements/1oad . 
force - Specimen MK24 
(mm) 
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FIGURE 10.3 - RELATIONSHIP BETWEEN THE HORIZONTAL DISPLACEMENTS / LOAD FORCE -' SPECIMEN MK2j 
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FIGURE 10. 4 - RELATIONSHIP BETWEEN THE HORIZONTAL DISPLACEMENTS / LOAD FORCE SPECIMEN MK22 
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FIGURE 10,5 - RELATIONSHIP BETWEEN THE HORIZONTAL DISPLACEMENT / LOAD FORCE - SPECIMEN MK23 
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FIGURE 10.6 - RELATIONSHIP BETWEEN THE HORIZONTAL DISPLACEMENT / LOAD FORCE - SPECIMEN MK24 
Horiznntal Applied Displacement HD2 = 0.0254 mm 
Readings I Experimental ReAdjngs I MpAP I Theo:etical I Percentage 
location I (mm) (mm) I values of error (mm) % 
X2 RI R2 R3 M T D 
0 0.0132 0.0124 0.0127 0.0128 0.0137 6.5 
10 0.0134 0.0129 0.0132 0.0132 0.0142 6.78 
20 0.0138 0.0133 0.0135 0.0135 0.0147 7.50 
. 
30 0.0141 0.0136 0.0138 0.0138 0.0150 7.6 
40 0.0143 0.0133 0.0138 0.0138 0.0152 . 8.9 
50 0.0143 0.0133 0.0138 0.0138 0.0152 8.7 
. 
Horizontal Applied Displacement HD2 = 0.0508 mm 
Readings Experimental Readings Mean Theoretical Percentage ; 
values location (mm) (mm) (mm) , 
X2 I R2 R3 M , T RI 
I 
.. 
0 0.025.5 0.0255 0.0265 0.0258 0.0274 
10 0.0258 0.0266 0.0266 0.0263 0.0285 
20 0.0265 0.0268 0.0276 0.0270 0.0294 
30 0.0268 0.0271 0.0286 ! 0.0275 0.030 
40 0.0272 0.0277 0.0293 I 0.0281 .0.0304 
50 '0.0273 0.0275 0.0288 I 0.0279 0.0305 
TABLE 10.5 - Experimental results for the vertical deflection of 
Specimen MK21 
of error 
% 
D 
5.64 
7.5 
8.09 
8.20 
7.49 
8.49 
- 98 ~ 
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Hod z(lntal Applied Di~placernent HD2 = 0.0762 mm 
RE'ading~ I Experimental Readings Mean I Theoretical Percentage 
"oW alu(;;s r location (mm) (mm) u. \:-L.Lul" (mm) % 
X2 RI R2 R3 M T D 
0 0,0374 0,0382 0.0382 0.0380 0.0411 7.53 
10 0.0392 0.0392 0.0395 0.0393 . 0.0428 8.10 
. 
20 0.0409 0.0407 0.0417 0.0411 0.0441 6.7 
. 
30 0.0409 0.0407 0.0425 0.0413 0.0450 8.10 
40 0.0421 0.0416 0.0434 0.0424 0.0456 7.0 
50 0.0427 0.0416 0.0434 0.0424 0.0458 8.2 
Horizontal Applied Displacement HD2 = 0.1016 mm 
Read i. .. vbu" Experimental Readings Mean Theoretical Percentage 
location <mm) <mm) values of error 
<mm) % 
X2 
I 
RI R2 R3 M T D I , 
I 
, 
0 0.0490 0.0515 
I 
0.0525 0.0510 0.0548 6.8 
10 0.0523 0.0523 0.0526 0.0524 0.0571 8.1 
20 0.0546 0.0544 0.0554 0.0548 0.0588 6.7 
!0.0564 ! 0.0552 . 30 0.0546 0.0546 0.0601 8.1 
40 
. 
I 0.0562 . 0.0557 0.0575 0.0565 0.0608 7.0 
, 
50 0.0568 0.0558 0.0578 0.056 0.0611 8.2 
TABLE 10.5 (Cont.) - Experimental results of the vertical deflection of 
Specimen MK2l 
--
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Horizontal Applied Displacement HD2 = 0.127 mm 
. 
Readings I Experimental Readings Mean Theoretical Percentage 
location (mm) (mm) values of error (mm) % 
Xz R} R2 R3 M T D 
0 0.0619 0.0644 0.0654 0.0639 0.0686 6.8 
10 0.0629 0.0665 0.0665 0.0653 0.0714 8.5 
ZO 0.0663 0.0691 0.0684 0.0679 0.0735 7.5 
. 
30 0.0669 0.0699 0.0697 0.0688 0.0751 8.3 
. 
40 0.0678 0.0703 0.0708 0.0696 0.0760 8.3 
50 0.068Z 0.0703 0.0708 0.0698 0.0763 8.5 
Horizontal Applied Displacement HDZ = 0.1524 mm 
Readings Experimental Readings Mean Theoretical Percentage 
location (mm) (mm) values of error (mm) % 
, 
X2 
I 
RI RZ R3 M T D ! 
I 
. 
0 0.0750 0.0767 0.0775 ' 0.0764 0.0823 7.10 
10 0.0779 0.0789 0.0796 0.0788 0.0856 7.9 
I 
20 0.08 0.0818 0.0820 0.0813 0.0883 7.9 
30 0.0817 0.0837 0.0837 0.0830 0.090} 7.8 
40 ! 0.0820 0.0845 0.0843 0.0836 0.0912 8.3 
50 . 0.0812 0.0847 0.0844 I 10.0838 0.0916 8.5 
TABLE 10.5 (Cont.) - Experimental results of the vertical deflection 
of Specimen ~1K21 
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Horizontal Applied DiRp1acement HD2 = 0.1778 mm 
Readin~~ I Experimental Reading. I }fp;m Theoretical I Percentage values of error location (mm) (mm) (mm) % 
X2 RI R2 R3 M T D 
0 0.088 0.0896 0.0898 0.0891 0.0960 7.10 
10 0.0893 0.0918 0.0936 0.0916 0.0999 8.3 
20 0.0946 0.0939 0.0959 0.0948 0.1030 7.9 
. 
30 0.0961 0.0966 0.0979 0.0969 0.1051 7.8 
. 
40 0.0965 0.0975 0.0980 0.0973 0.1064 8.5 
50 0.0971 0.0978 0.0981 0.0977 0.1069 8.6 
Horizontal Applied Displacement, HD2 = 0.2032 mm 
Readings Experimental Readings Mean Theoretical Percentage 
values of error location (mm) (mm) (mm) % 
X2 RI R2 R3 M T D 
0 0.0985 0.1011 0.1023 0.1007 0.1097 8.2 
10 0.1019 0.1067 0.1062 0.1049 0.1142 8.10 
20 0.1055 0.1093 0.1104 0.1084 0.1177 7.85 
30 0.1079 0.1117 0.1133 10 .1109 0.1202 7.70 
40 0.1088 0.1111 0.1145 0.1115 0.1217 8.3 
, 
50 0.1098 0.1118 0.1151 0.1123 0.1222 8.10 
, 
TABLE 10.5 (Cont.) - Experimental results of the vertical deflection 
of Specimen MK2l 
----------------------------, 
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Horizontal Applied Di,p1acement HD2 : 0.2286 mm 
I " ?e.~;n::.1 I Theoretical Read!T1g~ FY'f)pr;mpnr-;:Jl 'Mn,,?p Percentage 
location (mm) (mm) I values of error (mm) % 
X2 RI R2 R3 H T D 
0 0.1123 0.1146 0.1141 0.1137 0.1235 7.9 
. 
10 0.1138 0.1219 0.1169 0.1175 0.1285 8.5 
20 0.1192 0.1253 0.1223 0.1223 0.1324 7.6 
. 
30 0.1198 0.1259 0.1243 0.1233 0.1352 8.75 
40 0.1225 0.1276 0.1271 0.1258 0.1369 8.10 
50 0.1224 0.1278 0.1275 0.1259 0.1374 8.32 
Horizont,,] .Applied Displacement HD2 = 0.254 nnn 
Readings Exped,.II.:mtai Readings Hean Theoretical Percentage 
location (nnn) (mm) values of error (mm) % 
I 
X2 RI R2 R3 M T D 
, 
0 '0.1243 0.1230 0.1306 0.1260 0.1372 8.15 
10 0.1296 0.1273 0.1344 0.1305 0.1428 8.6 
20 0.1353 0.1325 0.1386 0.1354 0.1471 7.9 
30 0.1384 0.1369 0.1425 10.1393 0.1502 7.25 
40 0.1393 0.1396 0.1426 0.1405 0.1521 7.6 
i 
I 
50 '0.1394 0.1396 0.1426 10.1405 0.1527 8.4 
TABLE 10.5 (Cont.) - Experimental results of the vertical deflection 
of Specimen MK21 
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Horizontal Applied Di.placement HD2 = 0.0254 mm 
I I I . Fvnprimpntpl 'RppiHn!?!=> M'p;:m Theoretical Percentage 
.' 
I 
values of error location (mm) (mm) (nun) 7-
X2 RI R2 R3 M T D 
0 0.0153 0.0155 0.0140 0.0149 I 0.0162 7.5 
10 0.0167 0.0164 0.0169 0.0167 0.0181 7.6 
20 0.0173 0.0181 0.0178 0.0178 0.0195 8.7 
. 
30 0.0186 0.0191 0.0188 0.0188 0.0206 8.3 
. 
40 ,0.0195 0.0202 0.0195 0.0197 0.0212 6.8 
50 0.0194 0.020 0.0194 0.0196 - 0.0214 8.10 
Hori~nntal Applied Displacement HD2 = 0.0508 mm 
i 
D"·pe1: imental Readings Mean Theoretical Percentage Readings 
I values of error location (mm) (Imll) (mm) I 7-I 
X2 
I RI R2 R3 M T D 
I 
0 0.0303 0.0291 0.0303 0.0299 0.0325 7.79 
10 0.0332 0.0330 0.0332 0.0331 0.0362 8.3 
20 0 .• 0368 0.0353 0.0353 0.0358 0.0391 8.3 
30 0.0389 0.0374 0.0379 0.0381 0.0412 7.5 
40 10.0390 0.0384 0.0387 0.0387 0.0424 8.6 
50 0.0397 0.0392 0.0402 0.0397 0.0428 7.10 
TABLE 10.6 - Experimental results of the vertical deflection 
of Specimen MK22 
.. 
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Horizontal Applied DiRplacement HD2 = 0.0762 mm 
Readin~~ I Expf'rjmpnt;:,] Re30in?~ MpAn Theoretical Percentage 
values of error location (mm) . (mm) (mm) % 
X2 RI R2 R3 M T D 
. 
0 0.0454 0.0452 . 0.0439 0.0448 0.0487 7.85 
10 0.0496 0.0501 0.0488 0.0495 0.0543 8.75 
20 0.0541 0.0539 0.0533 0.0538 0.0587 8.32 
.30 0.0565 0.0558 0.0568 0.0564 0.0618 8.7 
40 0.0598 0.0596 0.0591 0.0595 0.0637 6.5 
50 0.0598 0.0599 0.0595 0.0597 0.0643 8.2 
. 
Horizontal Applied Displacement HD2 = 0.1016 nnn 
Readings Experimental Readings Mean Theoretical Percentage 
location (nnn) (nnn) values of error (nnn) % 
X2 RI R2 
. R3 M T .D 
. 
0 0.0602 0.0592 0.0589 0.0594 0.065 8.5 
10 0.0689 0.0661 0.0638 0.0663 0.0725 8.5 
20 0.0749 0.0726 0.0683 0.0719 0.0783 8.10 
. 
I 
30 0.0799 0.0771 0.0713 0.0761 0.0824 7.55 
40 0.0816 0.0788 0.0725 I 0.0776 0.0849 8.5 
50 0.0824 0.0804 i 
0.0741 0.0790 0.0857 7.8 
TABLE 10.6 (Cont.) - Experimental results of the vertical deflection 
of Specimen MK22 
I· 
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Horizontal Applied Displacement 1lD2 = 0.127 mm 
Rpedl"". 
, 
Fy.ppriTTlP nt;:Jl ~p.,n;"Gs ! ~fC"~n Theoretical Percentage . ~. I values of error location (mm) (mm) (mm) % 
X2 RI R2 R3 M T D 
0 0.0767 0.0742 0.0716 0.0742 0.0812 8.6 
10 0.0856 0.0843 0.0790 0.0829. 0.0906 8.4 
20 0.0942 0.0914 0.0853 0.0903 0.0978 7.6 
. 
30 0.0979 0.0951 0.0903 0.0944 0.1030 8.3 
. 
40 0.0994 0.0989 0.0953 0.0979 0.1061 7.7 
. 
50 0.1015 0.1002 0.0964 0.0994 0.1072 7.25 
--
Horizontal Applied Displacement 1lD2 = 0.1524 mm 
. 
Readings Experimental Readings Mean Theoretical Percentage. 
values of error location (mm) (mm) (mm) % I 
X2 RI R2 R3 M T D 
0 0.0927 0.0889 0.0876 0.0897 '0.0975 7.9 
10 0.1042 0.1001 0.0940 0.0994 0.1087 8.5 
20 0.1127 0.1099 0.1030 0.1085 0.1174 7.5 
30 0.l188 0.1163 0.1099 
I 
. 0.1150 0.1237 7.0 
40 0.1206 0.1193 0.1112 0.1170 0.1274 8.1 
50 10.1208. 0.1198 0.1172 0,1180 0.1286 8.2 
TABLE 10.6 (cont.) - Experimental results of the vertical deflection 
of SpecimenMK22 
-I 
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Ho.izontalApplied Displacement HDZ = 0.177 8 nun 
. 
Readin!,-~ 
, 
ExpprimpntaJ Readin~s Mpan Theoretical Percentage 
(mm) (mm) values of error location (mm) % 
Xz RI . RZ R3 H T. D 
0 0.1081 0.1055 0.1017 0.1051 0.1138 7.6 
10 0.1203 0.1173 0.1170 0.1182 0.1268 6.75 
20 0.1278 0.1253 0.1212 0.1248 0.1370 8.9 
. 
30 0.1383 0.1337 0.1283 0.1334 0.1443 7.5 
40 ,0.1385 0.1364 0.1329 0.1359 0.1486 8.5 
50 ·0.1386 10.1364 0.1389 0.1376 0.1501 8.3 
. 
Horizontal Applied Displacement HD2 = 0.2032 nun 
Readings . Experimental Readings Mean Theoretical Percentage 
location (mm) (mm) values of error (mm) % 
X2 RI R2 R3 H T D 
. 
0 0.1181 0.1193 0.1193 0.1189 0.130 8.5 
-10 0.1364 0.1338 0.1351 0.1351 0.1450 6.8 
20 0.1444 0.1434 0.1429 0.1436 0.1566 8.3 
. 
10.1533 30 0.1546 0.1531 0.1523 0.1649 7.0 
40 10.1583 0.1568 0.1562 0.1571 0.1699 7.5 
, 
i 
10.1574 I 0.1569 0.1566 0.1715 50 ! 0.1587 8.20 
! 
TABLE 10.6 (cont.) -Experimental results of the vertical deflection 
of Specimen MK22 
.- I 
I 
I 
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Horizontal Applied Di'placement HD2 = 0.2286 mm 
. . 
. 
ReadlM~ 
, 
Experjmpnt~J 'Rp;:t(Hnp'~ }fp;m' I Theoretical T Percentage 
location (mm) (mm) I values of error (mm) % 
X2 RI R2 R3 M T D 
O· 0.1360 0.1360 0.1322 0.1347 0.1463 7.9 
. 
10 0.1558 0.1525 0.1461 0.1515 0.1631 7.1 
20 0.1653 0.1632 0.1561 0.1615 0.1762 8.3 
. 
30 ,0.1745 0.1710 0.1672 0.1709 0.1855 7.85 
40 0.1798 0.1773 0.1750 0.1774 0.1911 7.15 
50 0.1798 0.1778 0.1755 0.1777 0.1930 8.56 
Horizontal Applied Displacement HD2 = 0.254 mm 
Readings Experim,m1:al Readings Mean Theoretical Percentage 
. values of error location (mm) (mm) (mm) % 
. 
X2 RI R2 
I 
R3 M T D 
I 
0 0.1520 0.1507 0.1444 0.1490 0.1625 8.25 
10 0.1691 0.1683 0.1617 0.1664 0.1812 8.14 
, 
20 0.1312 0.2077 0.2034 0.1808 0.1957 7.6 
1 
30 0.1915 0.1908 0.1882 10.1902 0.2061 7.7 
40 0.1965. 0.1929 0.1916 10.1937 0.2123 8.75 
1 
50 10.1995 0.1957 0.1944 ,0.1966 : 0.2144 8.30 
. 
TABLE 10.6 (Cont.) - Exp.erimenta1 results of the vertical deflection 
of Specimen MK22 
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Horizontal Appli ed Di~placement HD2 = 0.0254 mm 
Rp:ln~n"'~ I PV"'''''''''~TT'I''"t-''J 1>no~;~n" I .,.",., .... ~ I Theoretical I Percentage 
. 
- _. -.....," 
I values "I location (mm) (mm) (mm) 
X2 RI Ri R3 M T 
0 0.0124 0.0129 0.0124 0.0125 0.0137 
10 0.0135 0.0130 0.0130 0.0132 0,0142 
20 0.0136 0.0133 0.0133 0.0134 0,0147 
30 0.0137 0.0139 0.0137 0.0137 0.0150 
40 0.0139 0.0142 0.0139 0.0140 0.0152 
50 0.0139 0.042 . 0.0139 0.0140 0.0152 
. 
Horizontal Applied Displacement HD2 = 0.0508 mm 
Readings I . Experimental Readings Mean Theoretical 
location" (mm) (1Illll) values (1Illll) 
X2 ~ RI R2 R3 M T 
0 0.0255 0.0255 0.0252 0.0254 0.0274 
10 0.0266 0~0261 0.0256 0.0261 0.0285 
20 0.0276 0.0268 0.0260 0.0268 0.0294 
30 0.0281 0.0273 0.0268 0.0274 0.030 
40 0.0287 0.0277 0.0274 0.0279 0.0304 
50 0.029 0.0277 0.0275 0.0281 0.0305 
TABLE 10.7 - Experimental results of the vertical deflection 
of Specimen MK23 
of error 
% 
D 
8.2 
6.75 
8.5 
. 
8.10 
7.5 
7.5 
Percentage 
of error 
% 
D 
7.09 
8.29 
8.64 
8.45 
7.9 
7.84 
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I = 0.0762 mm 
I Theoretical 1 Percentage I 
- I values' I of error locat ion (mm) (mm) (mm) % 
X2 RI . R2 R3 M T D 
. 
0 0.0384 I 0;0374 0.0372 0.0377 0.0411 8.25 
10 0.04 4 0.0395 0.0386 0.0393 0.0428 8.10 
20 0.0406 0.0401 0.0399 0.0402 0.0441 8.75 
. 
30 0.0418 0.0418 0.0410 0.0514 0.0450 7.6 
40 0.0422 0.0417 0.0414 0.0418 0.0456 8.30 
50 0.0426 0.0419 0.0421 0.0422 0.0458 7.9 
Horizontal Applied Displacement HD2 = 0.1016 nun 
Readings Experimental Readings Mean Theoretical Percentage 
location (mm) (nun) values of error (mm) % 
. 
X2 RI R2 R3 M T D 
0 0.0510 0.0508 0.050 0.0506 0.0548 7.6 
10 10.0541 0.0515 0.0503 0.0520 0.0571 8.9 
20 0.0555 0.0535 0.0522 0.0538 0.0588 8.5 
30 0.0580 0.0557 0.0544 0.0561 0.0601 6.65 
40 0.0570 0.0555 0.0545 I 0.0556 0.0608 8.40 
I . 
50 :0.0572 0.0559 0.0552 I 0.0561 . 0.0611 8.10 
TABLE 10.7 (cont.) - Experimental results of the vertical deflection 
of Specimen. MK23 
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= 0.127 mm 
I Theoretical 
v~ ,~ , 
" values I of ~ • ~ error location (mm) (mm) (mm) % 
X2 
. RI R2 R3 M T D , 
0 0.0631 0.0623 0.0633 0.0629 0.0686' 8.25 
10 0.0678 0.0662 0.0627 0.0656 0.0714 8.10 
, 
20 0.0696 0.0683 0.0650 0.0676 0.0735 7.9 
. 
30 0.0695 0.0690 0.0670 0.0685 0.0751 8.75 
40 0.0707 0.0699 0.0679 0.0695 0.0760 8.5 
, 
50 0.0715 0.0704 0.0697 0.0705 0.0763 7.5 
Horizontal Applied Displacement HD2 = 0.1524 mm 
Readings EXperimental Readings Mean Theoretical Percentage 
location (mm) (mm) values of error (mm) % 
-
X2 RI R2 R3 M T D 
0 0.0767 0.0729 0.0754 0.075 0.0823 8.81 
10 0.0805 0.0767 0.0770 0.0781 0.0856 8.75 
20 0.0845 0.0802 0.080 0.0816 0.0883 7.55 
30 0.0844 0.0816 0.0811 0.0824 ' 0.0901 8.5 
40 0.0866 0.0831 0.0828 0.0842 0.0912 7.65 
, 
50 0.0867 0.0838 0.0846 0.0845 0.0916 7.93 
TABLE 10.7 (cont.) - Experimental results of the vertical deflection 
of the Specimen MK23 
, 
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Horizontal Applied Di~placement HD2 = 0.1778 mm 
'PpprHnf'l' I :Vv~"'~i~"ryt,.~ J p,...,~i~ .... C' ! " ... . '~ I Theoretical I Percentage 
~. ' ' .. o~ • ~\". .,;1" I values of error location (mm) . (mm) (mm) % . 
X2 RI R2 R3 H T D 
. 
0 0.0909 0.0896 0.0856 0.0887 0.0960 7.56 
10 0.0943 0.090 0.0889 0.0911 0.0999 8.80 
20 0.0978 0.0940 0.0928 0.0949 0.1030 7.83 
. 
. 
30 0.0986 0.0958 0.0940 0.0961 0.1051 8.49 
40 0.1005 0.0964 0.0949 0.0973 0.1064 8.52 
50 0.1021 0.0980 0.0975 0.0992 0.1069 7.15 
Horizontal Applied Displacement HD2 = 0.2032 mm 
Readings Experimental Readings Hean Theoretical Percentage 
location (mm) (mm) values of error (mm) % 
, 
X2 RI R2 R3 M T D 
0 0.1049 0.0998 0.0980 0.1011 0.1097 7.78 
10 0.1088 0.1025 0.1007 0.1040 0.1142 8.88 
20 0.1126 0.1063 0.1040 0.1076 0.1177 8.49 
30 0.1152 0.1094 0.1071 10.1106 0.1202 7.97 , 
40 1 0 •1166 0.1108 0.1088 0.1121 0.1217 7.87 
I 
50 0.1169 0.1110 0.1098 [0.1118 0.1222 8.48 
TABLE 10.7 (cont.) - Experimental results of the vertical deflection 
of the Specimen MK23 
I 
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Horizontal Applied Di"placement HD2 = 0.2286 mm 
p" ... ,4 ' ...... ,.. Theoretical ,M'~ ~-".~ ~ 
·, .......... _··0 ... .4 .......... ~ "U~ 
. '" . " ~ ". ~ ., ...... ~ 
I 
values of error location (mm) (mm) (mm) % 
X2 RI R2 R3 M T D 
0 0.1156 0.1092 0.1125 0.1124 0.1235 8.92 
. 
10 0.1217 0.1176 0.1196 0.1190 0.1285 7.39 
20 0.1246 0.1216 0.1218 0.1223. 0.1324 7.57 
. 
30 0.1264 0.1244 0.1234 0.1247 0.1352 7.70 
40 0.1270 0.1239 0.1242 0.1250 0.1369 8.64 
50 0.1290 0.1257 0.1262 0.1269 0;1374 7.59 
Horizontal Applied Displacement HD2 = 0.254 nnn 
Readings E" .... -perimental Readings Mean Theoretical Percentage 
values of error location (nnn) (mm) (mm) % 
X2 I RI 1 R2 R3 ! 
M T D 
0 0.1280 0.1242 0.1262 0.1262 0.1372 8.01 
10 0.1327 0.1284 0.1297 0.1303 0.1428 8.75 
20 0.1390 0.135 0.1360 0.1367 0.1471 7.07 
30 '0.1442 0.1386 0.1391 I 10•140 0.1502 6.79 
I 
40 10.1416 0.1393 0.1411 0.1406 0.1521 7.49 
50. 0.1416 0.1399 0.1416 1!0.1412 0.1527 8.58 
TABLE 10.7 (Cont.) - Experimental results of the vertical deflection 
of Specimen MK23 
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~, .. "'" . Hori zontal Appli€'d Di"placement HD2 = 0.0254 mm. I , Experimental ReacHnQR" 'Mp;!n I Theoretical I Percentage. location (mm) (mm) I values of error (mm) % 
X2 RI R2 R3 M T D 
0 0.0246 0.0259 0.0272 0.0259 0.0282 7.93 
10 0.0290 0.0310 0.0288 0.0296 0.0318 6.73 
20 0.0308 0.0346 0.0292 0.0315 0.0346 8.74 
. 
30 0.0317 0.0358 0.0338 0.0338 0.0366 7.65 
40 0.0332 0.0371 0.0343 0.0349 0.0378 7.65 
50 '0.0337 0.0365 0.0349 0.0350 0.0382 8.20 
Horizontal Applied Displacement HD2 = 0.0508 mm 
. 
, Theoretical Percentage Readings Experimental Readings Mean 
values of location (mm) (mm) error 
I i (mm) % 
X2 RI R2 R3 I M T D 
0 0.0517 0.0517 0.0542 0.0525 0.0565 6.98 
. 
10 0.0571 0.0574 0.0617 0.0587 0.0637 7.73 
20 0.0625 0.0620 0.0673 0.0640 0.0693 7.64 
. 
30 0.0657 0.0657 0.0703 I i 0.0672 0.0732 8.10 
, 
40 0.0699 0.0696 0.0724 10.0706 0.0756 6.51 
, 
I 
50 I I 0.0707 0.0707 0.0733 1 0 •0716 0.0764 6.24 
, 
TABLE 10.8 - Experiment~l results of the vertical deflection 
of Specimen MK24 
• 
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Horizontal Applied 'Displacement HD2' = 0.0762 nnn· 
Readings Experimental Readings Mean Theoretical Percentage 
values of error location (mm) (mm) (mm) % 
X2 RI R2 R3 M T D 
0 0.0782 0.0784 0.0792 0.0786 0.0848 7.27 
10 0.0882 0.0894 0.0894 0.0890 0.0955 6.73 
20 0.0943 0.0950 0.0950 0.0948 0.1039 8.74 
30 0; 1028 0.1030 0.1030 0.1029 0.1099 6.29 
40 0.1049 0.1052 0.1052 0.1051 0.1135 7.37 
50 0.1055 0.1055 0.1055 0.1055 0.1147 7.97 
Horizontal Applied Displacement HD2 = 0.1016 nnn 
Readings Experimental Readings Mean Theoretical Percentage 
location (mm) (mm) values of error (mm) % 
X2 RI R2 R3 M T D 
. 
0 0.1051 0.1061 0.1061 0;1058 0.1130 6.35 
10 0.1174 0.1202 0.1202 0.1102 0.1274 6.37 
20 0.1262 0.1270 0.1264 0.1265 0.1386 8.67 
30 0.1339 0.1367 0.1354 0.1353 0.1465 7.58 
40 0.1381 0.1404 0.1397 0.1394 0.1513 7.82 
~-
50 0.1388 0.418 0.1410 0.1405 0.1529 . 8.05 
.---.--
TABLE 10.8 (cont.) - Experimental results of the vertical deflection 
of Specimen MK24 
. 
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-Horizontal Applied Di"p1acement HD2 = 0.127 mm 
Rf'~d;n()~ I Fynpr;TT'tpnt~1 Q~~,H "no I 'Po"',... ..., ..... Theoretical· ! Percentage ~. .... ...... values of error location (mm) (mm) (mm) % 
X2 R1 R2 R3 M T D 
0 0.1308 0.1308 0.1306 0.1307 0.1413 7.45 
10 0.1484 0.1494 0.1492 0.1490 0.1593 6.42 
20 0.1603 0.1626 0.1621 0.1617 0.1732 6.63 
. 
30 0.1681 0.1701 0.1711 0.1698 0.1832 7.31 
40 0.1727 0.1740 0.1732 0.1733 0.1892 8.38 
50 0.1743 0.1771 0.1756 0.1757 0.1912 8.09 
Horizontal Applied Displacement HD2 = 0.1524 mm 
Readings Experimental Readings Mean Theoretical Percentage 
values of error location (mm) (mm) (mm) % 
X2 R1 R2 R3 M T D 
I 
0 0.1575 0.1563 0.1563 0.1567· 0.1696 7.58 
10 0.1747 0.1768 0.1763 0.1759· 0.1911 7.91 
20 0.1902 0.1910 0.1907 0.1906 0.2079 8~29 
30 0.2011 0.2005 0.2008 0.2008 0.2198 8.62 
40 0.2106 0.2114 0.2109 0.2110 0.2270 7.04 
50 0.2123 0.2123 0.2125 0.2124 0.2294 7.41 
TABLE 10.8 (cont.) - Experimental results of the vertical deflection 
of Specimen MK24 
- ll5 -
P' ,..~" ,.,._,. ..... -. ........ t- ... rO "-.n ... 
.'.('.,:!D ~. ... ,-'''' .... ",', .. , ,. - ,., -~ ............ values of error location (mm) (mm) (mm) % 
Theoretical Percentage 
f-,,~ Horizontal Applied Di,pJacement HD2 = 0.1778 mm 
,,, ~. 
X2 RI R2 R3 M T D 
-
0 0.1818 0.1846 0.1843 0.1836 0 .• 1979 7.21 
10 0.2044 0.2049 0.2052 0.2048 0.2230 8.12 
20 0.2233 0.2213 0.2218 0.2221 0.2425 8.38 
. 
30 0.2386 0.2356 
. 
0.2361 0.2368 0.2565 7.68 
40 ·0.2463 0.2458 0.2460 0.2460 0.2648 7.07 . 
SO 0.2512 0.2509 0.2509 0.2510 0.2676 6.10 
Horizontal Applied Displacement lID2 = 0.2032 mm 
Readings . Experimental Readings Mean Theoretical Percentage 
values of error location (mm) (mm) (mm) % 
. 
X2 RI R2 R3 M T D 
-'-
0 0.2117 0.2125 0.2122 0.2121 0.2261 6.15 
10 0.240 0.2379 0.2379 0.2386 0.2548 6.34 
20 0.2551 0.2554 0.2551 0.2552 0.2772 7.91 
30 0.2692 0.2676 0,2679 0.2682 0.2931 8.46 
40 0.2779 0.2753 0.2753 '0.2762 0,3027 8.73 
! 
50 1°·2820 0.2833 0.2828 10.2827 0.3059 7.55 
TABLE 10.8 (cont,) - Experimental results of the vertical deflection 
of Specimen MK24 
- ]]6 -
Hori wnt al Appli ed Di "pl acement HD2 = 0.2286 mm 
Theoretical 
. '" . ~ -.............. - .,- ..... ~ ... ~'o;:, ........... 1. I values of location (mm) (mm) error (mm) % 
X2 RI R2 R3 }I T D 
- --
0 0.2322 0.2310 0.2315 0.2316 0.2544 8.96 
10 0.2635 0.2604 0.2609 0.2616 0.2867 8.73 
20 0.2899 0.2891 0.2896 0.2895 0.3118 7.12 
. 
30 0.3061 0.3043 0.3046 0.3050 0.3298 7.5 
40 0.3131 0.3128 0.3131 0.3130 0.3405 8.07 
50 0.3201 0.3189 0.3194 0.3194 0.3441 7.14 
Horizontal Applied Displacement HD2 = 0.254 mm 
Readings ' I Experimental Readings }lean Theoretical Percentage 
location (mm) (nnn) values of error I (nnn) % 
1I 
I: 
X2 RI R2 R3 }I T D 
, 
. 
0 0.2585 0.2610 0.2598 10.2598 0.2827 8.09 
. 
10 0.2911 0.2967 0.2972 0.2950 0.3186 7.39 
, 
20 I 0.3140 0.3216 0.3216 0.3191 0.3465· 7.9 
I 
I I 30 I 0.3355 0.3426 0.3429 10.3403 0.3664 7.10 . 
I 
40 , 0.3470 0.3449 0.3442 0.3454 0.3784 8.72 
, 
50 : 0.3532 0.3504 0.3504 0.3514 0.3824 8.10 f , 
TABLE 10.8 (cont.) - Experimental results of the vertical deflection 
of Specimen MK24 
( mm) HORIZONTAL APPLIED DISPLACEllENT (HD2) 
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. cu~ .. --Horizontal Vertical Def1ectlonH Rea IngH 
applied Specimen MK 12 Sp"cimen MKZ1 Difference displacement 
(mm) (mm) (mm) (mm) 
0.0254 0.0121 0.0128 . 0.0007 
0.0508 0.0241 0.0258 0.0017 
. 
0.0762 0.0357 0.0380 0.0023 
0.1016 0.0476 0.0510 0.0034 
0.0127 0.0610 0.0639 0.0029 
-. -- ~ .. 
- -
Horizontal Vertical Deflections Readings 
applied Specimen MK12 Specimen MK22 Difference displacement 
(mm) (mm) (mm) (mm) 
0.0254 0.0121 0.0149 0.0028 
0.0508 0.0241 0.0299 0.0059 
0.0762 0.0357 0.0448 0.0091 
0.1016 0.0476 0.0594 0.0116 
0.127 0.0610 0.0742 0.0132 
Horizontal Vertical Deflections. Readings 
applied 
. 
. displacement Specimen MK11 Specimen MK24 Difference 
(mm) 
. (mm) (mm) (mm) 
- -, 
0.0254 0.0204 0.0259 0.0055 
0.0508 0.0407 0.0525 0.0118 
0.0762 0.0612 0.0786 0.0174 
0.1016 0.0820 0.1058 0.0238 
0.127 0.1032 0.1303 0.0271 
. 
-
TABLE 10.9 - Comparison of the Vertica1·Deflections Readings 
for Specimen type MKl • and MK2 (x2 = 0) 
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11 - THEORETICAL ANALYSIS OF THE DIAPHRAGM MANDREL 
11.1 - Introduction 
In figure 11.1, page 126 is presented a schematic representation of 
a diaphragm mandrel which has been made on basis of the conclusions corcerning 
the geometr~c shape of its elements, established in chapter 10, page 88. 
The theoretical analysis of the mandrel will be done in terms of 
the relationship between the axial load force and the longitudinal· and diame-
tral variations that is provocates on the mandrel as well as the relationship 
between the diametral variation and the correspondent gripping pressure. 
The mandrel being constitute of an assemblage of the. refered ele-
ments s1mmetrically disposed around its longitudinal axis, the theoretical 
analysis may be done for only one of those elements and the conclusion trans-
posed for the whole mandrel, the refered analysis being still based upon the 
internal energy theory. 
Two fundamental aspects distinguish the mandrel elements, figure 
11.2 from the Specimen MK2 earlier analysed in chapter 10: 
the ends A and D are not pined but· guided, 
the cross section of the incline parts it is not constant but 
varies along their length, figure 11.1, page 126, 
the first one afecting the deformations of the incline parts and the second 
afecting the momentum of inertia of those parts. 
- 126 -
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FIGURE 11.1 - DIAPHRAGM MANDREL 
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B C 
o 
BC 
FIGURE 11.2 
Figure 11.3, page 128, represents part of an element of the mandrel 
under a load situation provocated by the force~. In terms of relationship be-
tween that load force ~ and the consequent deformations, those elements can be 
analysed as complex beams, on the same way used in chapter~10 for the analysis 
of the Specimen MK'2' for which they can be considered as composed of two inc1i-
ne beams, having both ends guided and an intermediate part in between those two 
supporting simultaneously a bending moment and a tensile load P. 
From Roark (70) the expression of the bending moment of a beam with 
~ i 
! 
M 
P 
Ai 
- 128 -
FIGURE 11.3 
both ends guided and supporting a load force ~, figure 11.3, is: 
Mx = P.sine P. L1' tge (11.1) 
The analysis method for the establishement of the relationship be-
tween load/deformation has already been developed in chapters 3 and 10, and so 
in this chapter will be presented only the final expression of those relation-
ships. 
- 129 -
11.2 - Relationship between the load force E and the longitudinal 
displacement HD3 of an element of the diaphragm mandrel 
B 
L 2 
FIGURE 11.4 
c 
o 
The relationship between the load force ~, figure 11.4, and the dis 
placement HD3 of the end D of the element, the end A being fixed is equal to 
the sum of the bending, axial and shear effects of the incline parts and the 
curvature effect of the intermediate part. 
11.2.1 ~ Bending Effect 
The internal energy of the element of the mandrel, per unit 1enght 
due to the bending effect is: 
- 130 -
2. (; • (11. 2) = 
dx 
where Mx is the bending moment and 11 the inertia-momentum of ·the cross-sec-
x 
tion of the incline parts of the element, which expression is given in section 
11. 6, page 142. 
Integrating the expression (11.2),the total energy becomes: 
1 
= dx (11.3) 
E 
with Mx being given in expression (11.1) •. 
11.2.2 - Axial Effect 
proc&ing as in chapter 10 the total internal energy due to the 
axial effect is given by: 
g2 cos 2e 
JL 1 UA = dx (11.4) 3 E 0 Al 
X 
where Al 
x is the area of the cross section of incline parts of the element. 
which expression is given in section 11.6, page 142. 
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11.2.3 - Shear Effect 
The total internal energy due to the shear effect is given by: 
1 
u . = Ks. S3 dx (11.5) G 
x 
the symbology being the same as used in chapter 10. 
To those effects it must be added the effect of the curvature of 
the intermediate part,which has been analysed in chapter 10. 
Thus the final expression of the longitudinal displaceme~t against 
the load force P of one element of a diaphragm mandrel will become: 
a [~ ,L M 2 p2 cos2e l 1 lID 3 x dx + -- dx = + ap 0 11 E 0 A" 
x Ix 
p2 sin2e l 1 dXJ + Ks + G 0 Al 
x 
+ -- - L2 + 2.r.sinB + Ll' tgB. tge (11.6) 
with 
M = x P.sine x -
1 ~ Ll tge 2" 
M 
r = 
E12 
132-
1 .12 
S = -- ·M 
EI2 2 
1 
M = f 11 tg8 
2 
and 11 ' Al ,12 and A2 being given in section 11.6, page 1112. 
'x x 
11.3 - Relationship between the load force P and the vertical de-
flection of one element of the diaphragm mandrel 
proc~ing as for the obtaination of the same relationship of the 
Specimen MK2 , chapter 10, the final expression of the relationship between 
B 
o 
p{=! 
- -.L-....J 
FIGURE 11.5 
the load force P and the vertical deformation VD3 , figure 11.5 is given by: 
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fa 
[ :E 
[L M'x
2 (R·coss + 2. sinS) 2 L 1 
VD3 = ~ dQ -- dx + [ -dx + 0. I 2E 0 .. Alx .. Ix 
1 ( (R.sinS + Q.cose)2 [L + Ks AJ j + G 0 
Q= 0 
1 ( x2· L2 X2 2 ) + LI. tgS +-- M. - -- (11.7) EI2 2 . 2 
where 
M' (PI + QI) 1 (PI +QI) • L = • x - 2 x 
PI = P. sine 
QI =. Q. cosS 
M 
r = EI2 
M 1 R LI tg8 = 2 
S 1 • -M. L2 = 
'2 EI2 
the parameter x2 having the same meaning as in chapter 10 and 11 ,AI ,12 
x x 
and A2 being given .in section 11.6, page 142 • 
- 134 -
11.4 - Relationship between the load force and the longitudinal 
and diametral variations of the diaphragm mandrel 
Being N the number of elements composing the diaphragm mandrel , 
figure 11.6, the expressions of the relationship between the load force P and 
, ~ 
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FIGURE 11.6 
the longitudinal variation of lenght, ~L and the diametral variation ~, are 
evaluated from the expressions deducted in section 11.2 and 11.3, becoming: 
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11.4.1 - Longitudinal variation, 6L, in 1enght against the 
load force P 
1 
{ :R [1 L 
Mx 2 p2 cos 2S fL 1 6L = -f dx + . dx + 
N E 0 I) E 0 A· 
x )x 
p2 sin2S 
fL 
1 
dX] 
g. L2 
+ Ks + -- - L2 + 
G 0 A) A2E 
x 
. + 2. r. sinS + L) • i tgS. tgj (11.8) 
11.4.2 - Diametral variation, llD, against the load force P 
1 
{ :£ CE fL M' 2 IlD = --X- dx + N .0 I) 
x 
(K cosS + .9. sinS) 2 
fL 
1 
+ dx + 
2E 0 A) 
x 
<f..sine + £cosS)2 [L A:.' L + Ks + G 0 0 
1 (X2~L2 _ X:2) + L1' tgS +-- • ,M. (11.9) 
E12 
whete: 
_1 p sinS M = P. s; nS • x - L 1 
x ~ 2 - cosS 
M' 
x 
= 
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QI =. Q. cosS 
M 1 = 2" K LI tgS 
= ....!:!... 
EI2 r 
B = 1 M ~ EI2 2 
x2 £ [0; L2 J 
11 ,12, Al ,A2 being given in section 11.6, page 142. 
x x 
11.5 - Gripping pressure 
In section 11.4 is given the expression of the relationship betwe:-
en the axial load force! applied to the mandrel and the consequent diameter 
. reduction. 
Considering the mandrel constrained to a diameter~D-tJl by means of 
a hollow cylinder positioned around the cylindrical part of the mandrel, figu-
re 11.7, page'137, the strain energy due to the elastic deformation,that the 
mandrel supports,provocates a gripping pressure, p, which holds the cylinder. 
Fig. 11.8, page 137, represents two diametral opposite elements 
of the mandrel, supporting an axial loading !, and figure 11.9, page ·138, repr!:. 
sents the same elements supporting an uniformely distributed radial load gf ' 
along the lenght L2 of the cylindrical part of the mandrel. 
The bending moment along the axis of· the incline parts of the man-
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f 
Considering GF an equivalent gripping force equal to 
the bending moment expressions becomes: 
(11.10) 
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= GF • cosS.' x - (11.11) 
Following the same analysis method used so far, the expression re la 
ting the gripping force'GF and the diameter variation 60 of the mandrel be co-
mes: 
2 
2. -=-[/L M 2 IL (GF·sine) 6D x dx + dx + = 
aG 0 2E1l 0 2EAl F 
x x 
(GF·CO~e) 2 
dx ] IL + Ks + Ll. tgS (11.12) 0 2GAl 
x 
where a 1 M L2 = EI2 '2 
M 1 GF Ll = "2 and 
The force GF being uniforme1y distributed along the cylindrical 
surface of each element of the mandrel, the gripping pressure on the inner sur 
face of the held cylinder will be: 
p = (11.13) 
where 
N = number of elements of the mandrel 
Ac = area of contact between the mandrel and the cylinder. 
substituting GF from expression (11.12) the relationship between 
the gripping pressure p and the diameter reduction 60 is then evaluated., 
A diaphragm mandrel, which is represented in plate 11.1, and figure 
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PLATE 11.1 - DIAPHRAGM MANDREL 
A-A' : T 
I 
.1. ("t) ..-0 0 ® 'est "lsl.. --. 
I I 
-
.-
-
LI L2 HI H2 0DI 0D2 0D3 N T 9 
Dimensions 20 40 5.427 17.4 61. 70 26.90 42 20 2.3 0.5098 rad (29.21 0 ) (mm) 
N • number of elements = 
T = thickness of the slots 
FIGURE 11.10 - DIAPHRAGM MANDREL 
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11.10 (pages 140-141)', has been 'manufactured and experiments have been made 
in terms of relationships between axial load force, mandrel deformations and 
gripping pressure, which are described and analysed in chapter 13 and 14, res-
pectively. 
11.6 - Geometrical parameters of the mandre.1 and expressions of 
the momentum of inertia and area cross sections 
Figure 11.13, page 147, represen~sone element of the manufactured 
diaphragm mandrel on which they are represented the design geometric parame-
ters: 
external diameter 
internal diameter 
lenght of the incline parts 
- lenght of the intermediate part, 
inclination angle 
- number of elements 
- thickness of the slots in between the elements. 
The cross-sections of those elements are composite sections of tra-
pezoidal sections with two circular segments, figure 11.11, page 143, and so 
the momentum of inertia about the horizontal axis Y-Y should be equal to the 
sum of the momentum of inertia of its component parts,the same happening for 
the cross-section areas. Meanwhile the difference between considering the' 
cross-section as a composite section or as a trapezoidal section, figure 11.12, 
,page 143, is around 0.001% and so, for simplicity of the ca1cu1ation,the cross-
-sections are considered as trapezoidal, whith geometric parameters, figure 
11.13, page 147, as follows: 
y y 
1'IGURE 11.11 
FIGURE 11.12 
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D· 1T 
Bl = 2. ( _1 - Ll· tg6.) sin. ( - ) - T 2 N 
sin 1T B2 = Dl ( -- ) - T N 
1T 
B3 = D . sin ( N ) - T 2 
B4 = D2• sin (!. ) - T N 
D (!. ) Bs = 2. (..2 + Ll tg6) . sin - T 2 N 
( DI-D2 Ll· tg6) HI = -2- - . cos6 
Dl..D2 
H2 = 2 
. The expressions of the momentum of inertia and areas of those cross 
-section about the horizontal axis Y - Y are: 
I) Momentum of inertia expression of the incline section 
x 
H 3 
= _1_ 
36 
+ 4. ( Bl + B2-
BI 
Lj/cose 
B2 
Bl + B3 + 
x) (B3 + 
+ Bs - (B 1 
Ll/cos6 
where x varies from 0 to ~ ,(figure 11.13). 
cos6 
BS-B3 )2 
+ -L-=-l /-c-'o'-s-e .• x 
BS-B3 
. x ) 
Ll/cos6 
+ B3) 
. x 
+ 
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II) Momentum of inertia el<presRion of the intermediate part 
= 
36 
Ill) Area expression of the incline part cross-section 
HI [(,' . .B2 -BI . 0' + (B3 + BS - B3 . j] Al = x 2 Ll/cos6 LJlcos6 
where varies from 0 to LI (figure 11.13). x 
cos6 
IV) Area expression of the cross section of the intermediate parts 
= 
2 
NOTE: 
The fact of the cross-sections of the incline parts of the diaphra-
gm mandrel elements have not a constant geometrical shape along the 1enght LI 
(figure 11.13) makes the evaluation of the expression of the relationships be-
tween the axial load force applied to the mandrel and the deformation that it 
provocates (expression (11.8), (11.9) and (11.13) ) very complicated specially 
due to the resolution of their integrals. 
I~ chapters 17 and 18 the author pres"nts simplied expressions 
whose can be used for choicing a diaphragm mandrel under a specific work situ-
ation needing as well as to define its behaviour. The simplified expressions 
-------------------------------------------------, 
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are affected of coefficients which can be tabled in charts. During those cha.E. 
ters the author 'presents the computing programmes which enab1" the calculation' 
of those coefficients. 
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FIGURE 11.13 '- GEOMETRIC PARAMETERS OF A DIAPHRAGM MANDREL 
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. 12.1 - EXPERIMENTAL EQUIPMENT FOR THE LOAD/DIAMETRAL AND LONGI-
TUDINAL VARIATIONS MEASUREMENT 
Instrument Data 
Rank Tay10r Hobson Micro-Comparator with two axial transdu-
cer heads 
Full Scale deflection ranges ·O.lmm, 0.03mm, O.Olmm and 
0.003mm. 
Mean sensivity on 0.003mm FOS = O.OOOlmm 
Sigma Fine Adjustment Stands 
Sigma Instrument Co Ltd, Letchworth 
Smiths Industrial Pressure Gauge 
Full Scale 0 - 100 1b/in2 
Minimum division 2 1b/in2 
Last calibrated: 1979 
Schrader Air Pressure Regulator Valve 
The experimental equipment for the load/diametral and axial varia-
tions measurements is shown in plates 12.1 and 12.2, respectively. 
The mandrel was mounted on the plate of lathe simulation device , 
shown in plate 12.3. The bar of the pneumatic cylinder exerced an axial load 
force on the free end of the mandrel. That force was uniforme1y distributed 
by the interposition of a spheroidal articulation in between the free end of 
the mandrel and the rod of the pneumatic cylinder, as represented in plate 
12.4 , page 160. 
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The axial transducer heads were mounted in stands which "'ere fas-
tened to the lathe simulation body, plates 12.1 and 12.2, providing the neces 
sary stifiness for the readings out. Their stylus were under deflection, 
been placed against the body of the mandrel at the points where the readings 
were to take place. 
When loaded axially, the mandrel became deformed provocating a 
displacement of the transducer stylus head and the measurement of this displa-
cement was obtained on the indicator unit of the micro-comparator. This one, 
.had a three head switch unit, ",ith which the displacements of up to three mea-
suring heads could be displayed on the indicator·unit by means of a three-po-
sition switch for connecting each head to the indicator unit, in turn. 
The loading of the mandrel was commanded by an ON/OFF-pneumatic 
valve and the air pressure inside the pressure chamber of the pneumatic cylin-
der regulated by an air-pressure regulator valve. The pressure was read on 
the pressure gauge. The value of the axial load force exerced on the mandrel, 
that corresponded to the read pressure,was obtained by means of the force trans 
ducer interposed in between the cylinder rod and the spheroidal articulation. 
Figure 12.1 shows the pneumatic circuit scheme. 
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12.2 - DESIGN AND MANUFACTURE OF THE STRAIN PROVING RINGS 
The function of the proving ring was to simulate a component.grip-
ped by the diaphragm mandrel, enabling this way an experimental determination 
of the interface pressure between the component and the mandrel. This inter-
face pressure is related 'with the mandrel diameter variation defined in chapter 
11, section 11.5, page 136. 
As it has been earlier refered, a component should have an internal 
diameter smaller than the external diameter of the mandrel when unload, to be 
hold by this one. This constrain dictated the maximum value for the inner dia 
meter of the ring. Its minimum value was defined by the maximum reduction of 
the external diameter of the mandrel when subjected to the maximum admissible 
load, which is defined in chapter 17. 
Table 12.1 and figure 12.4, pages 165 - 1~~ respectively show the 
variation of the external diameter of the mandrel against the load force as 
well as the axial stroke of the rod that pushes its free end. The inner dia-
meter of the proving ring should be in between those maximum and minimum va-
lues. The thickness of the proving ring was limited to one of strength and 
deformation. 
The ring has been manufactured from ENS Steel in back bar form , 
which had a yield stress of the order of 450MN/m~ 
The first operation of the production method was to turn the outsi-
de diameter Dl , figure 12.3, page 164 as well as the inner diameter D2, using 
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a center lathe. The workpiece was then set up in. a grinding machin~ where the 
inner diameter D2 has, finally, been obtained. 
Strain gauges have been cemented on the external" surface·of the 
ring for the reading out of the value of its deformation enabling the determi-
nation o{ the stress and strain on that surface and finally the interface pre~ 
sure between the ring and the mandrel. 
The strain measurement had the purpose of to convert some deforma-
tion into information which were usable and presented· in a readable fO.rm and 
not to take absolute local strain measurements or establish .stress levels. A 
load-strain curve has been obtained by calibration for each strain gange used, 
which are presented in chapter 19, section 19.4, page 240. 
Some factors have been considered to decide on which type and size 
of t~e strain gauge to be used, like, that it was to be measured strains; that 
they were. tensile strains; that the direction of those strains was known; 
that the strain level expected was low; that the strain distribution was ex-
pected to be uniform; that the loads were static· and the strain gauges cemen-
ted on a steel Specimen, etc. 
For those purposes the strain gauges used were of 2 - element 900 
"tee" stacked rosette, type FCA-2, temperature compensated type, strain gauge 
.factor 2.1, manufactured by Tokyo Sokki KenkYujo Co. Ltd, Japan. 
The position were the strain gauges have been cemented on ring is 
indicated in figure 12.3, page 164. They have been cemented with an adhesive 
(p-2) supplied by the manufacturers of the strain gauges and a correct proce-
dure for cleaning the surfaces and mounting the strain gauges has been used 
(71), (72). 
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The design of thp proving ring has been undertaken as follows: 
The inner diameter of the proving ring has been fixed equal to 
0.05 mm (O.00f97 in) smailer then the nominal diameter of the mandrel·. The 
thickness has been determined in terms of being well within of the limits for 
strength and deformation as well as having a sensitive proving ring. 
For a hollow cylinder, with a ratio inner radius/thickness smaller 
then 10, submitted to uniform radial pressure, p, on the inner surface and Ion 
gitudinal pressure zero, the stress and diameter variations are, (70): 
r-*-;;" ----_. 
Gj 
-.-t-._. '--.-.. -._-. 
1----------
FIGURE 12.2.1 
°1 0 
°2 = 
p. b2• (a2 + r2) (12.1) 
r2. (a2 - b2) 
- p. b2 . (a2 - r2) (12.2) os = 
r2. (a2 - b2) 
f:, = .E 2 . a. b
2 
a E a 2 -b2 (12.3) 
where 
°1, 
~b = 
p = 
a 
b = 
°2, 03 
E = 
v = 
~a, ~b = 
p.b 
e 
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. f __ a_2 _+ _b_2 
\a2 - b 2 
unit pressure (MN/m2) 
outer radius (mrn) 
inner radius (mrn) 
normal stresses in the 
and radial directions, 
modulus of elasticity 
Poisson's ratio 
variation in the radii 
(12.4) 
longitudinal, circumferential 
respectivelly. 
a and b, respectivelly. 
The maximum value for the circumferencia1 stress of the ring occurs 
at its inner surface. From expression (12.1) this stress is: 
= p. (12.5) 
Assuming the mandrel subjected to the maximum reduction of its no-
mina 1 diameter which, from table 12.1, page 165, has been considered equal to 
0.0357 mm the correspondent value for the interface pressure is obtained from 
expressions (11.12) and (11.13), page 139, substituting ~ by the value 
0.0357 mm. If the thickness of the ring is choiced equal to 3.6 mm the value 
of the stress 02 at the inner surface will be; from expression 12.5, equal 
to: 
= 
(
61.70 -2.0.0357 )2 + 3.6 . 
~L70 ; 0.0357 + 3.6J 
4.54MN/m2 
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This value is well within the YeldStress of EN8 steel (450MN/m2). 
The value for the circumferencia1 stress· on the outer surface of 
the ring is evaluated from the expression (12.1) considering r = a : 
(61.70 ; 0.0357 'I- 3.~2 _ ~1.70 ; 0.0357Y 
= 4.04 MN/m2, is also well within the Ye1d Stress 
steel. 
As the inner diameter for the ring has been fixed equal to 0.025mm 
(~ 0.001 in) smaller the nominal diameter of the mandrel and the calculations 
above have considered a bigger reduction for the diameter, 0.0357 mm (0.0014 
in), the ring is well within of the limits of strength and deformation. 
Its length has been fixed equal to the length of the cylindrical 
section of the·mandrel. Figure 12.3 shows the final dimensions of the proving 
ring, which. have been checked in metrology devices: 
- Roudness Measurement Instrument 
Talyrond, model 100 
TAYLOR-HOBSON LTD., England 
Resolution power: 10-5 inchs 
Universal Measuring Machine 
Model MU - 214 B n9 820 
Societe Genevoise d'Instruments de Physique 
Geneve / Switzerland 
Resolution power: 10-4 inchs 
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12.3 - Experimental Equipment for the Interface Pressure Measurement 
Instrument Data 
Digital Strain Indicator. Model p-350 A 
Manufactured by VISHAY INSTRUMENTS, INC 
Last calibrated 08.06.81 
The experimental set up for the measurement of the interface press~ 
re between the diaphragm mandrel and the ring is shown in plate 12.5, page 161. 
The mandrel was mounted on the lathe simulation device, shown in 
plate 12.4 and subjected to an axial load exerced, by the rod of the pneumatic 
cylinder, under a pressure that was enough to enable the proving ring to be 
positioned around the mandrel cylindrical section. 
The system of attachement of the mandrel to the simulation lathe 
plate had a stop, so that the ring could be positioned always at the same 
longitudinal position around the mandrel. 
The loading of the mandrel and the consequent gripping of the ring' 
was commanded by the ON/OFF pneumatic value which put the cylinder under or 
without pressure. 
Strain ganges were cemented on the external surface of the ring and 
were wired to the Digital Strain Indicator via a supplied distribuction box, 
which enable the readings from all the strain ganges by a simple switching. 
The Strain Indicator bridge used the null-balance method (73) for 
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reading the output from the strain ganges, with a half bridge system in 
which an active gauge and a dummy gauge were used, the latest being identi-
cal.to the active gauges, cemented in a similar material of the ring, unstrai-
ned and at a similar environment to the active gauges. By the use of this 
dummy gauge the effect of temperature in the gauge was cancelled out. 
Figure 12.2 represents the electrical wiring diagram for the inter-
face pressure ring. 
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PLATE 12.1 - DIAMETRAL VARIATIONS READINGS 
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PLATE 12.2 - AXIAL VARIATIONS READINGS 
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PLATE 12 . 3 - MANDREL ATTACHED TO THE LATHE SllruLATION PLATE 
NUT TO BE SCREWED ON THE CYLINDER ROD 
MANDREL 
IDAL 
LOAD FORCE TRANSDUCER 
PLATE 12.4 - COMPONENTS FOR THE AXIAL LOAD FORCE APPLICATION 
PLATE 12.5 - INTERFACE PRESSURE MEASUREMENT 
2 
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3 
1 - pneumatic cylinder 
2 - pressure gauge 
3 - unidireccional valve 
7 
4 - pressure regulator valve 
5 - on-off valve 
6 - air supply 
7 - air exhaust 
1 
PLATE 12.1 - PNEUMATIC CIRCUIT OF THE LATHE SIMULATION DEVICE 
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DISTRIBUTION BOX 
I I I 
'---7-' I . I 
I ! 
I 
I I . 
• I 
I I 
I I 
I I I.. _____ ...J 
STRAIN BRIDGE 
1 2 3 4 5 6 V 
1 1 T T I I / 
STRAIN GAUGES 
. 
DIlMMY GAUGE \ 
FIGURE 12.2 - ELECTRICAL WIRING DIAGRAM FOR THE PRESSURE RING 
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·5 
strain gauges 
ACTUAL DIMENSIONS 
(m""'> 
Dl DIA D2 DIA 
68.90 61.674 
L 
44 5 
FIGURE 12.3 - PROVING RING 
L2 
22 39 
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LOAD AXIAL STROKE DIAMETER REDUCTION 
(N) m x 10-6 m x 10-6 
500 1,826 2,974 
1000 3.674 5.950 
1500 5.521 8.926 
2000 7,371 11. 902 
2500 9,224 14.876 
3000 11.066 17.852 
3500 12.912 20.829 
4000 14.764 23.80 
4500 16.610 26,705 
5000 18.465 29.745 
5500 20.306 32.720 
6000 22.155 35.706 
TABLE 12.1 - Variation of the external diameter of the mandrel, 
related with the load force and the axial stroke; 
theoretical results· from expressions (11.8) and 
(11.9), page 135. 
IAL STROKE 
( )lID) DIAMETER REDUCTION 
24. ()lID) 
35.7 
20. 
30. 
16. 
22.7 
1 2. 
16.2 
8. 
9.7 
4. 
1.622 
0.0. 0.0 
1000 2000 3000 4000 5000 6000 LOAD FORCE (N) 
FIGURE 12.4 - (DIAMETRAL REDUCTION AND AXIAL STROKE) / LOAD FORCE 
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13 - EXPERIMENTAL TESTS OF THE DIAPHRAGM MANDREL 
13.1 - Procedure for the measurement of the Load/Diametral and 
Axial variations of the Diaphragm Mandrel 
The main objectif of these experiments was to test the theoretical 
expressions given in chapter 11 (expressions (11.8) and (11.9), page 135. 
The experiments had two steps, the first being the reading of the 
axial displacement of the free end of the mandrel when loaded and the second 
being the variations readings of the diameter at different points on the cyli~ 
drical part of the mandrel, obtaining this way, respectively, the load/axial 
displacements and the load/diametral reduction charateristics of the mandrel. 
For the axial readings two transducer heads have been used, one 
being placed with its stylus against the free end of the mandrel, as shown in 
plate l2.2,page ~,the other placed against the end attached to the lathe si-
mulation plate device. The value of the axial displacements was the differen-
ce between the two readings. 
The use of two transducer heads was to avoid the introduction of 
errors in the axial displacement values due to any deformation of the plate of 
the lathe simulation device under the mandrel loading situation. 
For the diametral variations two transducer heads have been used , 
as well, as shown in plate l2.l,pagel57.The cylindrical section of the mandrel 
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had three circumferencial marks, two· on its ends and one at the midway·of its 
lenght. Those marks enabled to locate the stylus of the transducer heads at 
identical points around the mandrel, the readings being take out from diame-
trically opposite points. 
As under loading, the diameter of the cylindrical part.of the man-
drel decreases, the transducer head stylus were under deflection so that they 
could· move outwards· during the loading process and the measurement of the dia 
meter reduction obtained. Its value was the sum of the readings from 
the two head transducers. 
Before start the experiments, the Mitronic Micro-Comparator was·set 
to a zero datum with the O.lOmm FSD range selected. 
Loads were applied to the mandrel by means of the pneumatic cylin-
der which pressure was regulated with the air-pressure regulator valve. The 
use of the spheroidal articulation in between the cylinder rod and the mandrel, 
plate 12.4, page 160, enabled an uniform distribution of the load on the free 
end of the mandrel. 
This one was load in increments of 1 000 N until the maximum value 
• of 6 000 N. 
The axial displacements as well as the diametral reduction were re 
corded for every increment in load. The procedure was repeated four times 
for all the experiments, the transducer head being placed at five different 
opposite elements of the mandrel. for each of the three points considered. Ta-
bles 14.1 and 14.2, pages 172 and 173, give the tabulated values obtained from 
the experiments and theoretical expression • 
Figures 14.1- 14.4, pages 175-178, show the theoretical an experi-
mental values of the relationship between load and diametral and axial varia-
tions. 
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13.2 - Measurement of the Interface Pressure 
The measurement of the interface pressure has been the final step 
of the experimental work, with the purpose or evaluate the accuracy of the 
theoretical analysis of the proposed mandrel. 
The experimental equipment for this measurement is described in sec 
tion 12.3,page155 and shown in plate 12.5, page 161. 
The mandrel was loaded·, the proving ring being positioned around 
the cylindrical section of the mandrel. The pressure of the pneumatic cylin-
drical section of the pneumatic cylinder was then turned off and the measure-
ment and recording of the strain from all the strain gauges take place, after 
which the mandrel was loaded again releasing the proving ring. This one was 
then rotated 1/20 of a complete rotation and the· measurement and recording 
operations repeated, this being done until a complete turn of the ring has 
been achieved. 
The readings were taken directly from the Digital Strain Indicator 
which was set up to a zero datum position before each straining of the ring , 
this being done for all the strain ganges. 
Table 14.3, page 174, presents the results obtained from the experiments 
as well as the expected values from the theoretical analysis elaborated during 
chapter 12. 
CHAPTER 14 
RESULTS, THEIR DISCUSSION AND ANALYSIS 
FROM THE DIAPHRAGM MANDREL TESTS 
----- - ------------------, 
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14 - RESULTS THEIR DISCUSSION AND ANALYSIS FROM THE DIAPHRAGM 
MANDREL TESTS 
Table 14.1 and figure 14.1, ,pages 172 and 175 show the results 
obtained from the load/axial variations experiments. From them' it can be seen 
that the experimental- results are 5 - 9% greater than the theoretical ones. 
From the experiments earlier performed for the, Specimen MKl and MK2 (chapter 
5 and 9, respectively) the experimental results were, in both cases, lesser 
than the expected from the theoretical analysis. The author believes that 
the change of situation, in terms of results, of the mandrel tests is conse-
quence of the non-existence of friction losses that appeared in the Specimen 
MKl and MK2 experiments. 
On the other hand, from the mandrel tests it will appear that the 
mandrel was not 100% well manufactured in terms of simmetry of the elements 
of wlch it is composed and that could affect the final results. 
Meanwhile the obtained results fall down in the range of difference 
percentage defined as admissible for the purpose of this investigation. 
More conclusions can be obtained by the analysis of the load/diam~ 
tral collapsing results which are tabled in table 14.2, page 173 and geometr.!. 
cally represented in figures 14.2 to 14.4, (pages 176 to 178). Here again, the 
experimental results are higher (from 5 to 12%) than the expected ones. It 
is important to notice that theoretically' the readings obtained from the trans 
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ducer head I, (table 14.2, page 173) should be equal to those obtained from 
the transducer head Ill. They are not, those obtained from the transducer 
IU being greater than those obtained from the t'ransducer I, wich means that 
the mandrel tested did not collapsed equally along its lenght. 
If refering the interface pressure experiments results, table 14.3, 
page 174, it can be seen that the strain gauge n9 5 placed near the free end 
of the mandrel indicates a lesser value of about 3 5% than the strain gauge 
n9 1 located near the plate of the lathe simulation., 'This reinforces the opi 
,nion of the author that the mandrel was not perfectly symmetric,which should 
be the origin of those differences. 
This opinion is stronger by the analysis of figures 14.5, 14.6 and 
14.7, pages 179 to 181, where it is shown the distribution of the interface 
pressure values for 20 points, separated of 18 degrees, completing one total 
revol~tion (360 degrees) of the proving ring,around the mandrel. 
Theoretically the results from this experience should be the same 
for all the points but as it can be stated from those figures they are dis-
tributed as along a sinusoidal curve, having correspondent values for points 
diannnetrically opposite. The author thinks that it prooves that an error , 
although very small, existed in the manufacture of the mandrel. 
Meanwhile the difference between the experimental and expected re-
sults being included in a range of 10% allows to conclude that the undertaken 
design method has an enough accuracy and that its'results can be use for the 
characterization and choice of diaphragm mandrels. 
Figure 14.1, page 174, shows the graphical representation of the ex 
pression (11.13), page 139, for the manufactured mandrel, from which it is po~ 
sible to find the interface pressure related' with a specific diameter reduction 
of the mandrel. 
-- -- ----------------------, 
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Applied Force Experimental Expected percentage of 
results results difference 
(N) <mm) (mm) % 
0.0 0.0 0.0 -
2000 0.0078 0.0073 6.8 
3000 0.0120 0.0110 9.1 
4000 0.0150 0.0147 5.0 
5000 0.020 0.0184 8.7 
6000 0.023 0.0221 4.1 
. 
. 
force 
--- ---~j>-1c:=~ ----
transducer 
head 
TABLE 14.1 - Experimental results of the Load/Axial 
Variation of the Mandrel 
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Applied Force Experimental Expected Percentage of 
results results difference (N) (mm) (mm) % 
0.0 0.0 0.0 -
2000 0.0114 0.0106 7.0 
3000 0.0163 0.0159 2.5 
4000 0.0220 0.0212 5.0 
5000 . 0.0285 0.0265 6.4 
6000 0.034 0.0318 7.0 
0.0 0.0 0.0 -
2000 0.0120 0.0113 6.1 
·3000 0.0180 0.0169 6.5 
4000 0.0240 0.0226 6.1 
5000 0.0301 0.0282 7.1 
6000 0.0360 0;0339 6.2 
v 
0.0 0.0 0.0 -
2000 0.0115 0.0106 8.5 
3000 0.0170 0.0159 6.9 
4000 0.0235 0.0212 10.8 
-
5000 0.029 0.0265 9.4 
6000 0.0355 0.0318 11.6 
I 11 HI 
·11 III 
TABLE 14.2 - EXPERIMENTAL RESULTS OF THE LOAD / DIAMETRAL 
REDUCTION OF THE MANDREL 
--------------,-----------------
MN 
m2 
0.5 
0,4 
0,3 
0.2 
0.1 
Interface pressure p 
0.0 ~=---.----.----,:---~-_r_-_,_----r--r_-.,._-_r_ -3 
28 32 36 40 x10(mm) 20 24 0,0 4 8 12 16 
Diametral reduction ~D 
FIGURE 14.1 - THEORETICAL RELATIONSHIP BETWEEN THE DIN1ETRAL REDUCTION AND THE INTERFACE PRESSURE 
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FIGURE 14.2 - LOAD / AXIAL VARIATION OF THE MANDREL 
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- 176 -
EXPERIMENTAL VALUES 
THEORETICAL VALUES 
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FIGURE 14.3 - LOAD / DI~\mTRAL REDUCTION'- TRANSDUCER HEAD I 
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DIAMETRAL DECREASING 
(nun) 
EXPERIMENTAL VALUES 
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EXperimental values 
EXpected values 
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0,0 1000 2000 3000 4000 5000 6000 
APPLIED FORCE 
(N) 
FIGURE 14.5 - LOAD / DIAMETRAL REDUCTION - TRANSDUCER HEAD III 
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+1--._ 
Readings (rnicrostrain JJ s) 
Strain 1 2 3 4 5 6 7 8 9 10 Gauge 
'" .~ 1 12.4 () 
0: 
13.0 14.0 15.5 15.6 15.0 12.8 12.0 11.9 12.2 
" 0: .... ~ 
" '" 3 12.2 14.5 15.3 14.9 14.9 14.3 .... ... 14.2 13.4 12.1 11.8 !3 ~ 
() 
... 5 8.8 10.8 12.0 13 .4 14.0 14.2 .... 13.6 13.9 12.5 11.6 u 
. ! 
Readings (rnicrostrain liS) 
. 
Strain 11 12 13 14 15 16 17 18 19 20 Gauge . 
.... 
'" .... 1 12.2 13.6 14.9 15.7 15.8 15.9 13.6 12.8 12.2 -12.2 tJ 
0: 
'" 0: .......
'" '" 
3 11.5 11.5 12.5 14.3 14.9 14.9 15.1 14.7 12.7 12.5 .... ... S .., 
" '" tJ 
... 5 11.4 9.8 10.2 11.8· 12.4 13.6 14.0 13.6 12.6 11 2 I~'i . --
~ 
TABLE 14.3 - EXPERIMENTAL RESULTS FROM THE INTERFACE PRESSURE EXPERIMENTS 
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Mean Correspondent Theoretical values Difference interface pressure from expression 11.3 
. 
\IS MN/m2 MN/m2 % 
1 13.66 0.33 0.3515 6.1 
Q) 
eo 
:::J 
'" 
" 
3 13.6 0.32 0.3515 8.9 
<= 
.... 
'"  5 12.27 0.31 0.3515 11.8 '-' Ul 
. TABLE 14.4 - EXPERIMENTAL AND THEORETICAL RESULTS FOR THE 
INTERFACE PRESSURE 
interface MICRO STRAIN 
pressure,p (us) 
(MN/m2 ) 
0.4 16 EXPECTED VALUES I 0 0 14 
0.3 12 
10 EXPERIMENTAL VALUES < • 
0·2 8 ~. 
'-0 
.... 
6 
0.1 4 
2 
0.0 0,0 
20 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
READING POINTS 
FIGURE 14.6 - DISTRIBUTION OF THE INTERFACE PRESSURE AROUND THE MANDREL (STRAIN GAUGE 1) 
FIGURE 14.7 - DISTRIBUTION OF THE INTERFACE PRESSURE AROUND THE MANDREL (STRAIN GAUGE 3) 
interface 
pre"sure p MICRO STRAIN 
(MN/m 2) ().Is) 
Oh 16 Expected results 
14 
Cl 
0,3 12 
0 
10 0 
0 ~ 
'" 8 0 '''' 0.2 Experimental values 
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0.1 4 
2 
0,0 Op 
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READING POINTS· 
FIGURE 14,8 - DISTRIBUTION OF THE INTERFACE PRESSURE AROUND THE MANDREL (STRAIN GAUGE 5) 
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CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
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15 - CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
During the three chapters concerning the discussion of the experime~ 
tal results (chapter 6, 10 and 14, pages 52, 82 and 170, respectively), the 
main conclusion of this investigation have already been stated. 
From the obtained results, during the research. it has been emphati-
zed the importance of the precision and accuracy need during the manufacture 
of a diaphragm mandrel. For the other types of mandrels, small errors in their 
manufacture can be eliminated by their own workprinciple. That is, for exam-
pIe, the case of the expanding mandrels, where the tapered rod, pushing more 
or lesser the expanding bushing, can be used to change the interface pressure 
during the gripping operation. With a diaphragm mandrel this would be impossi 
ble becaJse its gripping characteristics are based only upon the amount of re-
maining deformation which, on its turn, is related with the accumulated elas-
tic strain energy. As these relationships relating 
- deformation 
- strain energy 
- gripping force 
0>\ 
rely only~he geometrical parameters of the mandrel, small manufacture errors 
will affect its behaviour, without any possibility of been overtaken. A total 
simmetry, either in the longitudinal and radial sense must be obtained, that 
is, the two' tapered se'ctions of the mandrer'must be perfectly identical in ta-
per angle and lengths, as well as all the elements sjmmetrically disposed 
around its axis must be comple~y identical, if not the diametral collapsing 
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will be not equal for all, and the gripping pressure will be not uniforme1y 
distributed on the inner surface of the components. 
en basis of the obtained results, the author has the opinion that 
the followed des1gn method has enough accuracy for the purposes and the values 
obtained from the simplified expres,sions, presented in chapters 17 and 18, can 
be used either to define the characteristics of a diaphragm mandrel and to 
choice one in particu1ary, under a specific work needing situation. 
The author thinks that a,considerab1e amount of work must be deve1 
loped on this mandrel, in view of its optimization, en.hancing: 
- increase its stifness whithout decrease its elastic chara 
cteristics. The utilization of theoretical methods as finite elements, for 
example, as well as experimental techniques, as photoe1asticity, could be very 
advantageous as it could be possible to simulate the assemblage mandrel/compo-
nent behaviour under the gripping operation. In the same way, its geometrical 
shape could be optimizated in terms of stresses concentration and uniformity 
of gripping force exetcing; 
- the centrifugal force action on the mandrel/component as-
semblage during machining operations must be investigated, because if it is 
quite right that for thick components machining that action will increase the 
value of the gripping pressure, for thin wall components this increasing can 
deform the component; 
- the "pull-back" effect is another subject to be invest.!. 
gated. Here, and once again, this effect is very important for thin wall com-
ponents. The diaphragm mandrels being intented to be used in precision machi-
ning they must grip the components strongly but without deformating them; 
-with the fast advance in the automatic machine tools the 
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repeatabi1ity and reliability characteristics of these mandrels is of a para-
mount importance and, in the opinion of the author, must be investigated as 
well. The purposes of this type of mandrels rely exactly on their repeatabi-
1ity and reliability possibilities which are consequence of their workprinci-
pies, which is based upon an elastic strain energy, without sliding parts. 
- the author thinks that the work here ,elaborated could be 
used for'diaphragrit collets design as, as it has been earlier mencioned, in 
almost all the cases a mandrel is a collet in reverse, and so, at least the 
"philosophy" 'of this research could be usefull. 
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CHAPTER 17 
CONTENTS: 
SIMPLIFICATION OF THE EXPRESSION RELATING THE 
DIAPHRAGM MANDREL DIAMETRAL VARIATIONS AND 
GRIPPING FORCE 
17.1 - Introduction • 
17.2 - Simplified expression for relationship between the Axial 
-
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Load Forc~r and the Diametral Reduction, ~.. 198 
17.3 - Simplified expression for the relationship between the 
Diametral Reduction, ~, and the Gripping Force, GF 200 
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17 SIMPLIFICATION OF THE EXPRESSIONS RELATING THE DIAPHRAGM 
MANDRELS DIAMETRAL VARIATIONS AND GRIPPING FORCE 
17.1 - Introduction 
!\3 earlier refered, chapter 11, page 145, the expressions 
concerning the relationships between the axial applied load force and the con-
sequent diametral reductions, (expression 11.9, page 135), as well as the rela-
tionships between the diametral reduction and the correspondent gripping force 
(expression 11.12, page 139), are not.very usefull in practice because of the 
resolution of the integrals •. The momentum. of inertia Ilx being function 
of x (figure·11.13, page l47),makes complicated the resolution of those in-
tegrals. 
An approximate solution for the problem would be the considerati-
on of that momentum of .inertia Ilx as constant and equal to the momentum of 
inertia, Im , of the mid section of the incline parts of the mandrel. Never-
theless,even doing that, the final expressions still continue complicated. Ex 
pressions (17.1) and (17.2) are those relationships for, respectively, the 
axial ,load force P and consequent diametral reduction l>D and for the diametral 
reduction l>D and the correspondent gripping force, GF' Refering figure 11.1 
11.13, page 147: 
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(;1 L)3 sinS L) L) '/ill 2. -. + sinS .j. Ks sinS + 
12 Elj cos 2S E.A) G.A) 
1 L)2. L2 
. tgs) 1 (X22 ·L2 x:) + - • P + - • M • (17.1)1 
2 E.12 El2 
t.D 
er- = (17.2) 
2' ~~ • L)3 L) sin2e . L) 1 L)2 L) -- cosS -- - -- + Ks • cosS +-
12 E.I) E.A) cose G.A) 4 E.1 2 
with 
= 
2. 
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On basis of the manufactured mandrel (figure 11.10, page 141), fi~ 
gure 17.1, page 204 , shows graphically the relationship between the applied 
load force and the consequent diametral reduction, considering the cross 
section of the incline parts constant or varying along their length L (fi-
gure 11.13, page 147). For the first case (constant cross-section) the momen 
turn of inertia has been considered equal to the momentum of inertia of the 
mid section of those incline parts. 
It is verified that the percentage of the difference between both 
cases in constant and equal to 7.5%. Similar conclusion has been obtained 
for the relationship between the diametral variations and the correspondent 
gripping force. 
On this basis, the expressions (17.1) and (17.2) will be used as the 
starting point for the obtaination of the .simp1ified expressions.of the dia-
phragm mandrels. 
In view to simplify those expressions the following method has been 
undertaken: 
1 Verification for all the considered effects during the the~ 
retica1 analysis (chapter 11, page 125) which effect, bending-axia1-shear-encu~ 
vature, had the biggest "weight" on the final result. Remembering that for 
example, the total diametral reduction against the axial. load force is (expre~ 
sion 11.9, page 135) equal to the sum of the diametral reduction due to the 
bending effect, plus the diametral reduction due to the axial effect, etc. 
2 Substitute the whole expression containing all those effe~ 
cts by the expressi(:m of the effect with the biggest "weight" on the final re-
suIt. 
3 Affect this expression by a coefficient,so that the re-
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su1ts from this expression were equal to those obtained from the first expres-
sion. 
4 Present the values of those coefficients in form of charts for 
different. dimensions of the mandrel. 
For a particulary mandrel, a particulary value of the coefficient 
shall be found. 
Instead of presenting large charts .containing those values of the coef 
fecients, the author presents on page 205 , a computing program, ellaborated 
in BASIC language, which gives those values as well as perform other informati-
ons about the diaphragm mandrel. Along this program all the principal steps, 
as well as all the possible informations obtained,are explained on the REM ins-
tructions. 
17.2 Simplified expression for the relationship between the-
Axial Load Force P and the Diametral Reduction, AD. 
Remembering: 
Bendinf Effect on the Diametral Reduction: 
1 
12 
L13 sine 
E.ll cos 2 e 
p 
Axial Effect on the Diametral Reduction: 
sine p 
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- Shear Effect on the Diametral Reduction: 
= • sine • P (17.3.3) 
- Encurvature E ffect on the Diametral Reduction: 
1 1 
lID" = . L12 . L2 . tge p (17.3.4) 
4 E.I2 
with 11' AI' 12 , A2 being refered in page 196. 
- Total Diametral Reduction / Load Force: 
(17.4) 
Table 17.1. shows the "weight" of each effect on the total Diametral 
Reduction, on basis of the manufactured mandrel (figure 11.10, page 141). 
"Weight" % 
Bend ing lID 1 69.72 
Axia 1 lID2 3.66 
'" ... Shea 14.32 <J r lIDS Q) 
4-1 
4-1 Encu w rvature lID" 12.28 
TOTAL 99.98 TABLE' 17 .1 
From that table it can be seen that the bending effect has the 
biggest percentage. Its expressions will be used for calculating the diametral 
collapsing of the mandrels, for which it most be affected by a coefficient KD 
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so that the following equallity is verified: 
= KD • lIDJ (17.5) 
tBending effect 
Coefficient 
Diametral reduction, expression (11.9), page 135 
Substituting lIDJ by its expression (17.3.1), the expression. which 
gives the diametral collapsing of a diaphragm mandrel against an axial applied 
load force will become: 
LID 
= KD· C> p (17 • 6) Sine) 
cos 2e 
The values of KD are given in tables. On page 205, a computing pr£ 
gram is presented, from which those values of KD are obtained and the refe-
red tables constructed. 
17.3 Simplified expression for the relationship between the Dia-
metral Reduction, LID, and the Gripping Force, GF 
The simplification method for obtaining the simplified expression re-
lating the diametral reduction and the gripping force for a diaphragm mandrel 
is quite similar to the method devel10ped in section 17.2 
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Considering the cross-section of the incline parts of the elements, 
constituting the diaphragm mandrel as constant, having a momentum of inertia 
correspondent to the mid section, the expressions of the different eff ects 
considered during the theoretical analysis (section 11.5, page 136) are obtai 
red from expression (11.12), page 139, making II and Al 
x x 
constant and 
equal to II and Al respectively. The expressions for 1 I and Al being 
~ven in page 196. 
On this basis, those expressions become: 
Bending Effect on the Gripping Force: 
liD 
G(l) = (17.7.1) 
cose 
- ' Axial Effect on the Gripping Force: 
. lID 
G(2) = (17 • .7.2) 
LI sin2 e 
2. ---
E.AI cose 
Shear Effect on the Gripping Force: 
G(3) = (17.7.3) 
2. Ks • cose 
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- Encurvature Effect on the Gripping Force: 
llD 
G(4) (17.7.4) 
1 
2 
For the manufactured mandrel the "weight" of each effect on the final 
vesu1t is distributed as follows: 
Bending Effect 70% 
AXial Effect 1.8% 
Shear Eff ect 15% 
Encurvature Effect 13% 
Total • 99.8% 
As for the section 17.2, the bending effect has the biggest "weight", 
and its expression will be used as basis of the simplified expression for the 
relationship diametral reduction/gripping force, as follows: 
= KG. G(l) (17. 8) 
t Bending Effect 
Coefficient 
Gripping force, from expression (11.12) ,page 139 
Thus the simplified expression will become: 
LlD 
GF = KG (17.9) 
1 L1 3 
coss 
6 E.Il 
_ .. _---
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On page 206 is presented a computing program for the calculation of 
the coefficient KG (expression 17.9). From this program the ·ellaboration 
of tables of values for KG is immediate. 
( m m) DIAMETRAL VARIATION 
Q04 
0.03 11 = function of x . 
11 = constant 
0.02 
0,01 
®~~ ____ ~ ________ ~ ______ -. ________ r-______ -r ______ --r 
0.0 1000 2000· 3000 4000 5000 
. FIGURE 17.1 - LOAD/DIAMETRAL REDUCTION (THEORETICAL VALUES). CONSIDERING THE MOMENTUM 
OF INERTIA AS CONSTANT OR FUNCTION OF x 
6OOO(N) 
FORCE 
N 
o 
..,.. 
205 -1 
1, 000 DIM D (23 ) , l( 23) , W (3) ,N (3) , T< 9) , P ( 1, ) ,F (9) , A ( 12) , I ( 1, 2) ,C ( 1. 7) , 
H(1l,K(10) ,Y(!) 
101,0 REM "THIS PROGRAM GIVES THE VALUES OF THE COEFFICIENTS I'(D" 
1 OC~O REM "TI'-IE COEFFICIENTS KD ARE USED ON THE SIMPLIFIED EXPRESS 
ION OF THE RELATIONSHIP BETWEEN THE LOAD FORCE AND THE 
DIAt1ETRAL REDUCTION OF A DIAPHRAGM MANDREL" 
1,O::N REM "THE UNITIES USED IN THIS PROGRAM ARE-MILIMETERS,NEWTON 
AND RADIANS" 
10t.1·0 REt1 "FIRST STEP - DEFINITION OF THE PROBLEM" 
1,0~;0 PHINT "IS IT WANTED A SINGLE VALUE OF KD (FOR A SPECIFIC 
DIAPHRAGM MANDREl.. DIMENSION)?" 
1,060 PRINT "IS IT INTENTED TO ELABORATE A TABLE OF VALUES OF KO 
(FOR A DETERMINED RANGE OF MANDREL DIMENSIONS)?" 
1070 PRINT "PRESS 1. FOR A SINGLE VALUE OF f<D OH PRESS 2 FOR THE 
ELABORATION OF A TABLE OF VALUES OF KD" 
1, 080 INPUT A 
1090 IF A=1 THEN 1110 
1100 GOTO 1220 
1110 REM 
1120 REM "DEFINITION OF THE GEOMETRIC D!IVIENSIONS OF THE MAI\IDREL" 
1130 PfUNT" " 
Ilt.~O PRINT "DIMENSIONS OF THE MAI\IDf~EL:" 
11 SO PRINT "EXTERNAL DIAi"IETER (Dl), INTERN{'1L DIAI'1ETER (D2)" 
1160 PfUNT "LENGTH OF THE TAPERED PARTS (L 1 ), LENGTH OF THE 
CYLINDRICAL PART (L2)" 
1170 PRINT "TAPER ANGLE OF THE TAPERED P(.~RTS (W)" 
1100 PRINT "NUlvIBER OF ELEMENTS (N), THICI~NESS OF THE SL.OTS (T)" 
1.190 INPUT D1"D2,Li,L2,W,N,T 
1,200 PRINT "D1"";D1,,"D2=";D2,"L1=";Ll,"L2=";L2,"W=";W,"N=";N,"T= 
11 jT 
1,210 GOTO 21,60 
1220 REM 
1,230 PRINT "IS IT INTENTED TO VARY ONLY ONE GEOMETRICAL PARA 
METER OR MORE THEN ONE ? - PRESS 1 FOR ONE PARAME 
TER OR PRESS 2 FOR MORE THEN ONE" 
1.2ttO INPUT A 
1,250 IF A=1 THEN 1270 
1260 REM "SPECIFICATION OF THE PARAMETER TO BE VARIED AND SPECI 
FICATION OF THE VARIATION ON ITSELF" 
1270 PRINT "D1, WILL REMAIN CONSTANT OR VARIES,> - PRESS 1 FOR 
THE FIRST HYPOTHESIS , on 2 FOR THE SECOND" 
1280 INPUT A 
1290 IF A-1 THEN 1360 
1300 PRINT "WHICH Il~ THE FIRST VALUE FOR D1" D( 11); THE LAST VA 
LUE D(12) AND THE INCREMENT OF THE VARIATION D(13)?" 
1310 II\IPUT D( 11.) ,D( 12) ,D( 13) 
1320 FOR D1=D(11) TO D(12) STEP 0(13) 
1330 IF C(l!)=l. THEN 21,60 
13 l j.0 C( 11.)=1, 
GOTO 1400 1350 
1,360 
1.3-10 
1,380 
1390 
l ltOO 
PRINT "WHICH IS 
INPUT Dl 
THE VALUE OF Dl?" 
PRINT "Dl=" ;D1, 
REM 
PRINT 
1410 INPUT 
"D2, WILL REMAIN 
PRESS 1 FOR THE 
SECOND" 
A 
CONSTANT OR VARIES? 
FmST HYPOTHESIS OR 2 FOR THE 
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1420 IF A=' 1 THEN 11.1·90 
1430 PRINT "WHICH IS THE FIRST VALUE FOR D2,D(21); 
THE LAST VALUE D(22) AND THE INCREMENT 
OF THE VAR IATION D (23) '? " 
1.4t.1·0 INPUT D(21) ,D(22) ,D(23) 
1.450 FOR D2=D(21) TO D(22) STEP 0(23) 
1460 IF C(12)=1 THEN 2160 
1470 C(2)=1 
1480 GOTO 1530 
1490 PRINT "WHICH IS THE VALUE OF D2?" 
1500 INPUT D2 
1510 PfUNT "02="; D2 
1520 REt1 
15,,0 PRINT "Ll, WILL REMAIN CONSTANT OR VARIES? 
PRESS 1 FOR THE FIRST HYPOTHESIS OR 2 FOR THE 
SECOND" 
1. 51.·1·0 INPUT A 
1550 IF A=1. THEN 1620 
1560 PRINT "WHICH IS THE FIRST VALUE FOR L1,L(11); 
THE LAST VALUE l( 12), AND THE INCREMENT 
OF THE VARIATION L ( 13) ?" 
1.570 INPUT L< 11) ,L< 12), L< 13) 
1580 FOR L1=L.<1l.) TO L(12) STEP L(13) 
1590 IF C(1.3)=1. THEN 2160 
1600 
1610 
1620 
1630 
IM·O 
1650 
1.660 
C( 13)=1 
GOTO 1660 
PRINT "WHICH IS 
INPUT Ll 
PRINT "Ll.="; Ll 
REM 
THE VALUE OF Ll?" 
PRINT "L2, WILL REMAIN CONSTANT OR VARIES? 
PRESS 1 FOR THE FIRST HYPOTHESIS OR 2 FOR THE 
SECOND" 
1670 INPUT A 
1.680 IF A= 1 THEN 1750 
1.690 PRINT "WHICH IS THE FIRST VALUE FOR L2 ,L(21); 
THE LAST VALUE L(22); AND THE INCREMENT 
OF THE VAR IATION L< 23 ) ? " 
1700 INPUT L(21),L(22),L(23) 
1.710 FOR L2=L(21) TO L(22) STEP L(23) 
1.720 IF C(14)=1 THEN 2160 
1730 COll·)=l 
171..f0 GOTO 1790 
1750 PRINT "WHICH IS THE VALUE OF L2?" 
1760 INPUT L2 
1770 PRINT "L2=";L2 
1780 REM 
1790 PRINT "W, WILL 
PRESS 1 
SECOND" 
INPUT A 
REMAIN CONSTANT OR VARIES? 
1800 
1810 
18c!0 
1830 
1.81.·~0 
1.8'.,0 
1860 
1870 
FOR THE FIRST HYPOTESIS OR 2 FOR THE 
IF A=l THEN 1880 
PRINT "WHICH IS THE FIRST VALUE FOR W, W( 1); 
THE LAST VALUE, W (2); AND THE INCREMENT 
OF THE VARIATION, W(3l?" 
INPUT W(1),W(2),W(3) 
FOR W=W(l) TO W(2) STEP W(3) 
IF C(5)=1 THEN 2160 
C(15)=1 
GOTO 1910 
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18BO PRINT "~~HICH IS THE VALUE OF W?" 
1.890 INPUT W 
1900 PRINT "W=";W 
1910 PRINT "N,WILL REMAIN CONSTANT OR VARIES? 
PRESS 1 FOR THE FIRST HYPOTESIS OR 2 FOR THE 
SECOND" 
1920 INPUT A 
1930 IF A=l THEN 2000 
1940 PRINT "WHICH IS THE FIRST VALUE FOR N, N(l); 
THE LAST VALUE, N (2); AND THE INCREMENT 
OF THE VARIATION, N(3)7" 
1950 INPUT N( 1) ,N(2) ,N(3) 
1960 FOR N=N( 1) TO N(2) STEP N(3) 
1970 IF C(16)=1 THEN 2160 
19BO C(6)=1 
1990 GOTO 2040 
2000 PRINT "WHICH IS THE VALUE OF N?" 
201.0 INPUT N 
2020 PRINT "N=";N 
2030 REM 
20f.·fO PRINT "T, WILL REMAIN CONSTANT OR VARIES? 
2050 INPUT A 
PRESS 1 FOR THE:: FIRST HYPOTESIS OR 2 FOR THE 
SECOND" 
2060 IF A=1THEN 2120 
,~070 PRINT "WHICH IS THE FIRBT VAL.UE FOR T, T ( 1. ) ; 
THE LABT VALUE, T«:~); AND THE INCREMENT OF THE 
VARIATION, 1"( 3) r?" 
2080 INPUT T(1),T(2),T(3) 
2090 FOFl T"'T< 1.) TO T< 2) BTEP T< 3) 
2100 C(17)=1 
'~11.0 GOTO 2160 
2120 PRINT "WHICH IS THE VALUE OF n" 
2130 INPUT T 
2140 PRINT "T=";T 
2150 REr1 
2160 REM "SECOND STEP - CALCULATION OF THE GEOMETRICi~L PARA 
METERS OF THE MANDREL" 
2170 REM 
21BO 81=2*(o1/2-L1*TAN(W) )*SHJ(#PI/N)-T 
2190 82=D1*SIN(#PI/N)-T 
2200 83=D2*SIN(#PI/N)-T 
2210 84=D2*SIN(#PIIN)-T 
2220 85=2* (02/2+ L1 *TAN (W) ) *SIN (#PIINl - T 
2230 H2=(D1-D2)/2 
2240 Hl=(H2-L1*TAN(W) )*COS(W) 
2250 REM 
2260 IF Y ( 1 ) = 1 THEN 21.+80 
2270 PRINT "GEOMETRICAL PARAMETERS OF THE MANDREL" 
22BO PRINT "81=";81, "82=" ;82, "83=";83, "84=" ;84, "85=" ;85 
2290 PRINT "H1=";H1,"H2=";H2 
2300 PRINT "Ll=";L1,"L=";L2 
231.0 REM 
2320 REM "THIRD STEP - STARTING THE CALCULATIONS" 
2330 REM "STEEL MECHANICAL CHARACTERISTICS" 
23 l·fO REM " E= YOUNG'S MODULUS" 
2350 REM" P(!)= POIBSON'S RATIO" 
2360 REr1 " G = TRANSVERSE MODULUS" 
2370 REM 
i~380 E=21. *1 Ot'+ 
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2390 P(1)=0.3 
2400 G=E/(2*(1+P(1») 
2410 REM " CALCULATION OF THE MAXII"IUM ADMH,SI8LE AXIAL LOAD 
FORCE FOR THE MANDREL, F (9) " 
2420 PRINT "ADMISSI8LE STRESS FOR THE STEEL, T(9)=?" 
~J.'BO INPUT T (9) 
2'1-40 I ='H1 l' 3/36* ( 81 1'2+831'2+4*B 1 *83) 1 (B 1 + 83 ) 
2450 F(9) =N*I*T(9) 1 (L1 *TAN( W) *H1/2) 
2460 PRINT "MAXIMUM ADMISSIBLE LOAD =";F(9) 
2470 REM 
2Q·00 RE~1 "STARTING TO SOLVE THE INTEGRALS" 
2490 REM 
2500 P1=B1 
2510 P2=(82-81)/(L1/COS(W» 
25<,,0 P~l= B3 
2530 P4=(85-83)/(L1/COS(W» 
2540 N1=P1t2+P3t2+4*P1*P3 
2550 N2=2*P1 *P2+2*P3*PQ·+4*P1 *P'f+'f*P2*P3 
2560 N3=P21'2+Pf.I·1'2+l~*P2{t·PLI· 
2570 NI.~=P1+P3 
2500 N5= P2+P(f 
2590 V=N2/(2*N3) 
2600 H=SIN(W) 
2610 T2=1/2*L1*SlN(W)/COS(W) 
2620 T3=L1/COS(W) 
2630 Ff=(N2t2/N3t2)-N1/N3 
2M·0 T5= (N1. *N2) IN31'2 
26~;0 T6= 1. IN3 
2660 T7=N2/N31'2 
2670 T8= (N21'2-2*N1 *N3)1 (2'~N31'2) 
2680 N6= l./ (2*E*H1 1'3/36) 
2690 N'7=T2t2*NlI· 
2700 N8=T21'2*N~;-2'~T1 *T2*Nlf 
2710 N9=TH'2*N4-2*T1 *T2*N5 
'C.!720 NO =T 1t2{t"N5 
27,30 Q='f*N1 *N:3-N2t2 
~27t.~0 REM 
2750 IF V(1)=1 THEN 2780 
2760 PRINT "WHICH IS THE APPLIED LOAD FORCE, PO?" 
2770 INPUT PO 
2780 PFlINT "PO = " ; PO 
2790 F=PO/N 
2800 X2=0 
281.0 SO=L.OG(N1+N2*T3+N3*T3t2) 
28,:0 IF Cl=O THEN 2850 
2830 IF Q>O THEN 2900 
2840 IF Q<O THEN 2950 
2850 S1= (1/N3 )*( - (11 (V+T3» +l./V) 
i2860 S(::!=T6/':'~'(SO--LOG (N1.» -V*B1 
2870 S3=T3*T6-T7/2*(SO-LOG(N1) )-V*Sil 
2880 Sf.~=(1/(2*T6) )*( <T6*T3)t2-T7t2I+Tlf*S2+T5*S1 
2890 GOTO 301.0 
2900 S1.= (2/SClR (Cl) ) {t. ( ( <TAN ( (2""N3+N2) lEiClF~ (Q) ) )1' (-1) ) _. ( <TAN ( NiYSiClR ( 
Q»)1'(-·1») 
291.0 S2= <1"6/2*( SO-LOG (NU) ) - (N21 (2*N3) ) *Si1 
2920 S3=T3/N3-T7/2*(SO-LOG(N1»+T8*Sl 
29:30 St.~=( (<1"6*T3+T7112-T7t2)/(2*T6) )+F1·*S2+T5*Si1 
29(·1·0 GOTO 301.0 
2950 Si1=(1/SClR(-Cl»*(LOG«2*N3*T3+N2-SGR(-G»/(2*N3*T3+N2+SiGR(-G 
) ) ) ) 
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2960 Sl.=Sl-(l.ISQR(-Q) )*(LOG( (N2-SQR(-Q) )/(N2+SQR(-Q»» 
2970 S2=T6/2*(SO-LOG(Nl»-N2/(2*N3)*Sl 
2980 S3=T3/N3-T7/2*(SO-LOG<Nl) )+T8*Sl. 
2990 Slf= ( ( <T3*T6-T7 lt2-T7t2) 1 (2*T6) ) +Tlt*S2+T5*Sl 
3000 GOTO 3010 
301.0 P5=Pl+P3 
3020 P6=P2+Pl+ 
3030 REM "K IS THE FACTOR (KS) USED IN THE EXPRESSION OF 
THE SHEAR EFFECT" 
30 t ,fO K=' 1. 5 
3050 REM "A2 If.i THE AI~EA OF THE CROSS SECTION OF THE CYLIN 
DRICAL PART AND 12 ITS MOMENTUM OF INERTIA" 
3060 A2=(82+83)*H2/2 
3070 12=H2t3/36*(82t2+83t2+4*82*83)/(82+83) 
3080 REM "A " BENDING EFFECT ON THE AXIAL DISPLACElvIENT" 
3090 A=lf*N6*F* (N7*Sl +NB*S2+N9*fl3+NO*S'l) 
3100 REM "B - AXIAL EFFECT ON THE AXIAL DISPLACEMENT" 
3110 8-«(2*F*COS(W»/E)*(2/H1»*(1/P6*(LOG(P5+P6*T3)-LOG(P5») 
3120 REM "C - SHEAR EFFECT ON THE AXIAL DISPLACEMENT" 
3130 C=(2'I*K*F*(SIN(W) )t2/G)*2/Hl*(1/P6*(LOG(Ps+P6*T3)-LOG(Ps») 
3140 M1-l/2*F*TAN(W) 
3150 R=(E*I2)/Ml 
3160 Z=1/(E*I2)*Ml*L2/2 
3170 REM "0 - ENCURVATURE EFFECT ON THE AXIAL DISPLACEMENT" 
3180D-F*L2/(E*A2)-(L2-2*R*SIN(Z» 
3190 REM "Fl. = CHANGING IN SLOPE EFFECT ON THE AXIAL DISPLA 
CEI'1ENT" 
3200 Fl=F*Llt2*L2/(E*I2)*(TAN(W»t2 
3210 A(10)=A+8+C+D+Fl 
3220 Cl=2*SIN(W)*COS(W) 
3230 C2=-2*Ll*SIN(W) 
32'lO C3'"1/2*U t2*~3IN( W) ICO,HW) 
3250 C'+=C 1 *Ns 
3260 CS=C 1 *WHC2*Ns 
3270 C6=C2*Nlf+C3*Ns 
3280 C7=C3*Nt+ 
3290 CB=36*F/(2*E*Hlt3) 
3300 REM "H = BENDING EFFECT ON THE DIAI'1ETRAL REDUCTION" 
3310 H=C8*(C7*Sl+C6*S2+Cs*S3+C4M Slf) 
3320 REt1 "I = AXIAL EFFECT ON THE DIAMETRAL REDUCTION" 
3330 I=F*COS (W) *SIN (W) IE.Jf'2/H1 * ( 1 IP6* (LOG (Ps+P6*T3) -LOG (PS) ) ) 
33 l l,0 REM "J = SHEAR EFFECT ON THE DIAMEmAL REDUCTION" 
3350 ,T= K.JfF*SIN (W) 'I*COS (W) IG'11'2/H1. * ( 1 IP6* ( LOG ( PS+ P6*T3 ) -, LOG ( PS) ) ) 
3360 REt1 "L - ENCURVATURE EFFECT ON THE DIAMETF~AL REDUCTION" 
3370 L=1/4*F*L1t2*L2/(E*I2)*TAN(W) 
3380 REM "0(1) = DIAMETRAL REDUCTION" 
3390 D(1)=2*(H+I+J+L) 
3lfOO PRINT "0(1)=";0(1) 
3lfl0 REI'1 "H( 1) " BENDING EFFECT ON THE DIAI'1ETRAL REDUCTION CON-
SIDERING THE MOMENTUM OF INERTIA OF THE CROSS-SECTION 
OF THE TAPERED PARTS AS CONSTANT AND EQUAL TO 1(12)" 
3lf20 REM "I(12) IS THE MOMENTUM OF INERTIA OF THE MID-CROSS-SEC 
TION OF THE TAPERED PARTS" 
3'80 Kl=(Bl+B2)/2 
3'+l.fO K2=(B3+Bs)/2 
3lfsO I(12)=H1t3/36*(Klt2+Kt2+lf*Kl*K2)/(K1+K2) 
3lf60 H(1)=i/i2*F*Llt3/(E*I(12»*SIN(W)/(COS(W»t2 
3lf70 REM "EVALUATIO OF THE VALUE OF KO" 
3lf80 K(9)=D(1)/H(1) 
3lf90 PI~INT "Dl.~''';Dl,''Di2='';[)2,''Ll'''';L1,''LC:~='';L2,''W-'';W,''N='';N,''T= 
--------------------------
11 ;T 
3500 PRINT "KD=";K(9) 
351.0 Y(1)=1 
3520 IF C(17)=0 THEN 3550 
3530 IF T=1"(2) THEN 3550 
3540 NEXT T 
3550 IF C<I6)=0 THEN 3580 
3560 IF N=N(2) THEN 3580 
3570 NEXT N 
3580 IF C(15)=0 THEN 3610 
3590 IF W=W(2) THEN 3610 
3600 NEXT W 
361.0 IF C(14)=0 THEN 3640 
3620 IF L2=l(22) THEN 3MO 
3630 NEXT L2 
361.~0 IF Cl 13) =0 THEN 3670 
36,;0 IF L1=l( 12) THEN 3670 
3660 NEXT L1 
3670 IF CI1.2)=0 THEN 3700 
3680 IF D2=D(22) THEN 3700 
36<,0 NEXT D2 
3700 IF C(11)=0 THEN 3730 
371.0 IF D1=D( 12) THEN 3730 
3720 NEXT D1 
3730 END 
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1000 DII1 D (23) , L< 23 ) , W (3) , N (3) , T< 9) , P ( 1. ) ,F (9) , A ( 12) , I ( 1. 2) , C ( 1.7) , 
H(1),K(10),Y(1),G(10) 
1010 REM "THIS PROGRAM GIVES THE VALUES OF THE COEFFICIENTS KD" 
1020 REI1 "THE COEFFICIENTS KD ARE USED ON THE SIMPLIFIED EXPRE~,S 
ION OF THE RELATIONSHIP BETWEEN THE DIAMETRALREDUCTION 
AND THE GRIPPING FORCE OF t~ DIAPHRAGM MANDREL" 
1030 REM "THE UNITIES USED IN THIS PROGRAM ARE-MILIMETERS,NEWTON 
AND RADIANS" 
104-0 REI1 "FIRST STEP - DEFINITION OF THE PROBLEM" 
1050 PfUNT "IS IT WANTED A SINGLE VAl.UE OF KD (FOR A SPECIFIC 
DIAPHRAGM MANDREL DIMENSION)?" 
1060 PRINT "IS IT INTENTED TO ELABORATE A TABLE OF VALUES OF KD 
(FOR A DETERMINED RANGE OF MANDREL DIt1ENSIONS)?" 
1070 PFUNT "PRESS 1 FOR A SINGLE VALUE OF KO OR PRESS 2 FOR THE 
ELABORATION OF A TABLE OF VALUES OF KO" 
1.080 INPUT A 
1090 IF A=l THEN 1110 
1100 GOTO 1.220 
111.0 REM 
1120 REM "DEFINITION OF THE GEOMETRIC DIMENSIONS OF THE MANDREL." 
1130 PRINT" " 
114-0 PFUNT "DIMENSIOI\lS OF THE t'IANDREL.:" 
1150 PRINT "EXTERNAL DIAMETER <D1.) , INTERNAL DIAMETER (02)" 
1160 PRINT "L.ENGTH OF THE TAPERED PPIRTS (L1), L.ENGTH OF THE 
CYLINDRICAL PART (L2)" 
1170 PRINT "TAPER ANGLE OF THE TAPERED PARTS (W)" 
1180 PIUNT "NUMBER OF ELEMENTS (N), THICKNESS OF THE SLOTS (1")" 
1190 INPUT Dl,D2,Ll,L.2,W,N,T 
1.200 PRINT uOl=II;Dl.,"D2=II;D2,IIL1=II;Ll,IIL2=II;L2,"W=";W,"N=II;N,uT= 
II;T 
1210 GOTO 2160 
1220 REM 
1230 PRINT "IS IT INTENTED TO VARY ONl.Y ONE GEOMETRICAl. PARA 
METER OR MORE THEN ONE ? - PRESS 1. FOR ONE PARAME 
TER OR PRESS 2 FOR MORE THEN ONE" 
12(~0 INPUT A 
1250 IF A=l THEN 1.270 
1260 REM "SPECIFICATION OF THE PARAMETER TO BE VARIED AND SPECI 
FICATION OF THE VARIATION ON ITSELF" 
1270 PRINT "D1, WILL HEt1AIN CONSTANT OR VARIES'~ - PRESS 1 FOR 
THE FIRST HYPOTHESIS , OR 2 FOR THE SECOND" 
1.280 INPUT A 
1.290 IF A=l THEN 1.360 
1.300 PRINT "WHICH IS THE FIRST VALUE FOR D1, D( 11); THE LAST VA 
l.UE D(12) AND THE INCHEMENT OF THE VARIATION D(13)?" 
131.0 It-IPUT D(11) ,D( 12) ,D( 13) 
1320 FOR Dl=D(11) TO D(12) STEP D(13) 
1330 IF C(l1)=l THEN 2160 
13(1·0 C( 11 )=1 
1350 GOTO ll;OO 
1360 PRINT "WHICI-I IS THE VALUE OF D17" 
1370 INPUT Dl 
1380 PHINT "D1=";Dl 
1390 HEM 
1(~00 PFUNT "02, WILL REMAIN CONSTANT OR VARIES? 
1410 INPUT A 
PRESS 1. FOR THE FIRST HYPOTHESIS OR 2 FOR THE 
SECOND" 
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1l+20 IF A=l THEN 1490 
1430 PRINT "WHICH IS THE FIRST VALUE FOR 02,0(21); 
THE LAST VAl.UE D(22) AND THE INCREMENT 
OF THE VARIATION 0(23)?" 
1440 INPUT 0(21) ,0(22) ,0(23) 
1450 FOR 02=0(21) TO 0(22) STEP 0(23) 
1'+60 IF C(12)=1. THEN 2160 
11+70 C(12)='1 
1480 GOTO 1530 
11+90 PRINT "HHICH IS THE VALUE OF 02?" 
1500 INPUT 02 
1510 PRINT "02=";02 
1.520 REM 
1530 PRINT "Li, WILL REMAIN CONSTANT OR VARIES? 
PRESS 1 FOR THE FIRST HYPOTHESIS OR 2 FOR THE 
SECOND" 
151·fO INPUT A 
1550 IF A=l THEN 1620 
1560 PRINT "WHICH IS THE FIRST VALUE FOR Li, l( 11) ; 
THE LAST VALUE l( 12), AND THE INCREMENT 
OF THE VARIATION L (13) '?" 
15"70 INPUT l( 11), l( 12), I.( 13) 
1580 FOR L1=L(11) TO L(12) STEP L(13) 
1590 IF C( 13)=1 THEN 2160 
1600 C(13)=1 
1.610 GOTO 1.660 
1620 PHINT "WHICH IS THE VALUE OF Li?" 
1630 INPUT Li 
1640 PRINT "L1=";L1 
1650 HEM 
1660 PRINT "L2, WILL REMAIN CONSTANT OR VARIES'? 
1.670 INPUT A 
PRESS 1 FOR THE FIRST HYPOTHESIS OR 2 FOR THE 
SECOND" 
1680 IF A=1. THEN 1750 
1690 PRINT "HHICH IS THE FIRST VALUE FOR L2 ,L(21); 
THE LAST VALUE L(22); AND THE INCREMENT 
OF THE VARIATION 1.(23)?" 
1 700 INPUT l( 21) , I.( 22) ,I.( 23 ) 
1.71.0 FOR L2=1.(21) TO 1.(2i::n STEP 1.(23) 
1720 IF (;(1 1+)=1 THEN 21.60 
1730 C( l Lf)=l 
171+0 GOTO 1790 
1750 PRINT "WHICH IS THE VALUE OF L2?" 
1760 INPUT L2 
1770 PRINT "L2=";L2 
1780 REM 
1790 PRINT "w, WILL REMAIN CONSTANT OR VARIES? 
1800 INPUT A 
PRESS 1. FOH THE FIRST HYPOTESiISi OR 2 FOR THE 
SECOND" 
1810 IF A=l THEN 1880 
1820 PHINT "WHICH IS THE:: FIHST VALUE FOH W, H(l); 
THE LAST VALUE, W(2); AND THf::: INCREMENT 
OF THE VARIATION, W(3)?" 
1830 INPUT W(1),W(2),W(3) 
1811.0 FOR W=W(1) TO W(2) STEP W(3) 
18S0 IF C(lS)=1. THEN 2160 
1860 C( 15)=1 
1870 GOTO 1910 
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1880 
1890 
1900 
191.0 
PRINT 
INPUT 
PRINT 
PRINT 
"WHICH IS THE VALUE OF I-J?" 
W 
UW= 11 H.J 
"N,WILL REMAIN CONSTANT OR VARIES? 
PRESS 1 FOR THE FIRST HYPOTESIS OR 2 FOR THE 
SECOND" 
1920'INPUT A 
1930 IF A=l THEN 2000 
19{IO PRINT "WHICH IS THE FIRST VALUE FOR N, N( 1.); 
THE LAST VALUE, N(2); AND THE INCREMENT 
OF THE~ VARIATION, N(3)?" 
1.950 
1960 
1970 
1980 
1990 
2000 
2010 
2020 
2030 
20'1-0 
INPUT N( 1) ,N(2) , N( 3) 
FOR N=N(l) TO N(2) STEP N(3) 
IF C (1.6) =1 THEN 21.60 
C(16)=1 
GOTO 20l l·0 
PRINT "WHICH IS THE VALUE OF N?" 
INPUT N 
PRII\lT "N="; N 
REM 
PRINT "T, WILL 
PRESS 1 
SECOND" 
2050 INPUT A 
2060 IF A=lTHEN 2120 
REMAIN CONSTANT OR VARIES? 
FOR THE FIRST HYPOTESIS OR 2 FOR THE 
2070 PRINT "WHICH IS THE FIRST VALUE FOR T, T( 1) ; 
THE LAST VALUE, T (2); AND THE INCREI'1ENT OF THE 
VARIATION, T(3) ?" 
2080 INPUT T(1),T(2),T(3) 
,~O':;>O FOR T=T(1) TO 1"(2) STEP 1"(3) 
2100 C(l7l=l 
2110 GOTO 2160 
2120 PRINT "WHICH IS THE VALUE OF n" 
21.30 INPUT T 
2140 PRINT "T=";T 
2150 REM 
2160 REM "SECOND STEP - CALCULATION OF THE GEOMETRICAL PARA 
METERS OF THE MANDREL" 
2170 REM 
2180 81=2*<D1/2-L1*TAN(W) )*SIN(#PIIN)-T 
2190 82=Dl*SIN(,ltPIIN)-T 
2200 83=D2*SIN(#PI/N)-T 
2210 81·1·=D2*SIN(~*F'I/N)-T 
,2220 85=2*<D2/2+L1*TAN(W) )*SIN(#PI/N)-T 
2230 H2=(Dl-D2)/2 
22l1·0 H1=(H2-L1*TAN(W) )*COS(W) 
2250 REM 
2260 IF Y(l)=l THEN 2480 
2270 PFUNT "GEOI"lETRICAL PAf~AI"IETERS OF THE MANmEL" 
22<30 PRINT "81="; 81., "82="; 82, "83=" ;83, "8l1·="; 84, "85="; 85 
2290 PRINT "Hl=";Hl,"H2=";H2 
2300 PRINT "Ll=";Ll,"L=";L2 
2310 REM 
2320 REM "THIRD STEP - STARTING THE CALCUU~TIONS" 
,2330 REM "STEEL I"IECHANICAL CHARACTERISTICS" 
2340 REM" E= YOUNG'S MODULUS" 
2350 REM" P(i)= POIfJSON'S RATIO" 
2360 REM " G = TRANSVERSE MODULUS" 
2370 REM . 
23<30 E'"2:1.*10t4 
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2390 P(1)=0.3 
2400 G=E/(2*(1+P(1») 
2410 REM " CALCULATION OF THE MAXIMUM ADMISSIBLE AXIAL LOAD 
FOHCE FOH THE MANDHEL, F ( 9) " 
2420 PHINT "ADMISSIBLE STRESS FOH THE STEEL, T(9)=?" 
24~10 INPUT T(9) 
24t.1·0 I-H1. 1'3136* (B1t2+B3t2+'1·*Bl ;~B3) 1 ( 81 +B3) 
2450 F(9)=N*I*T(9)/(Ll*TAN(W)*Hl/2) 
21~60 PRINT "MAXII"IUI'1 ADI"IISSIBLE LOAD .,";F(9) 
2470 REt1 
24E30 REM "STARTING TO SOLVE THE INTEGRALS" 
2490 REM 
2500 Pl=Bl 
2510 P2=(B2-Bl )/(Ll/COS(W» 
2520 P3=83 
2530 P4=(B5-B3)/(Ll/COS(W» 
2511.0 Nl=P1t2+P3t2+4*P1.*P3 
2550 N2=2*Pl*P2+2*P3*P4+4*Pl*P4+4*P2*P3 
2560 N3='P2t2+PIH2+£J,·l>p2-ll·PI·I· 
2570 Nl f=Pl+P3 
25BO N5=P2+PI~ 
2590 V='N21 (2*N3 ) 
2600 Tl=COSn~) 
261. 0 T,~= 1. I 2'~L1 
2620 T3=L1/COS(W) 
2630 T4=(N2t2/N3t2)-Nl/N3 
2640 T5=(N1.*N2)/N3t2 
2650 T6=1IN3 
2660 T7=N2/N3t2 
2670 T8=(N2t2-2*Nl*N3)/(2*N3t2) 
26E30 N6= 1. I (2-llE-ll'Hl 1'3/36) 
2690 N7=T2t2*Nl~ 
2700 N8=T2t2*N5-2*Tl *T2*NI~ 
271. 0 N9=T 1 t2·~Nt.I·-2*T 1 *T~1*N5 
2720 NO=T1t2*N5 
2730 Q=4*Nl*N3-N2t2 
27t.1·0 REM 
2750 IF Y(l)=l THEN 2790 
2760 PRINT "WHICH IS THE WANTED DIAMETHAL f~EDUCTION?" 
2770 INPUT D(l) 
27E30 PRINT "D(1)=";DC1) 
2790 SO=LOG(Nl+N2*T3+N3*T3t2) 
2800 IF Q=O THEN 2830 
2810 IF 0>0 THEN 2880 
28c~0 IF 0(0 THEN 2930 
2830 Sl=(1/N3)*(-(1./(V+T3»+1./V) 
2840 S2=T6/2*(SO-LOG(N1.»-V*Sl 
2B'30 S3=T3*T6-T7I2-ll'(SO-LOG(Nl) )-Vil'Sl 
2860 SI~= C 11 (2*T6) )* ( CT6*T3) t2-T7t2)+TI~*S2+T5*Sl 
2870 GOTO 2990 
28E30 Sl=(2/SQH(Q) )*( (CTAN( (2-llN3+N2)/80H(Q» )t(-1) )-( CTAN(N2/SClf~( 
Q»)t(-1») 
2890 S2=CT6/2*(SO-LOG(N1» )-(N2/C2'~N3) )*81 
2900 S3=T3/N3-T7/2*(SO-LOG(Nl»+T8*S1. 
2910 S4=( (CT6*T3+T7H2-T7t2)/(2*T6) )+T4*82+T5*Sl 
2920 GOTO i':~990 
2930 Sl=(1/SQH(-Q»*(LOG«2*N3*T3+N2-SQH(-Q»/(2*N3*T3+N2+SQH(-Q 
) ) ) ) 
29t.1·0 S1.=81-(1/SQR(-Q) )*(LOG( (N2-8QR(-Q) )/(N2+SQR(-Q»» 
2950 S2=T6/2*(SO-LOGCN1»-N2/(2*N3)*Sl 
,-------- -
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2960 S3=T3/N3-T7/2*(SO-LOG(Nl»+T8*Sl 
2970 Sl.~=( (<T3*T6-T7lt2-T7t2)/(2*T6) )+T'+*Sl2+T5*S1 
2980 GOTO 2990 
2990 P5=Pl+P3 
3000 P6=P2+P4 
3010 REM "K IS THE FACTOR (KS) USED IN THE EXPRESSION OF 
THE ~:lHEAR EFFECT" 
3020 K=1.5 
3030 REM "A2 IS THE AREA OF THE CROSS SlECTION OF THE CYLIN 
DRICAL PART AND I2 ITS MOMENTUM OF INERTIA" 
3040 A2=(82+83)*H2/2 
3050 I2=1"'12t3/36*( 82t2+83t2+W'82*El3) 1 (El2+B3) 
3060 REM "A = BENDING EFFECT ON THE GRIPPING FORCE" 
3070 A=4*N6*(N7*Sl+N8*S2+N9*S3+NO*S4) 
30BO REM "8 " AXIAL EFFECT ON THE GRIPPING FORCE" 
3090 B=( «2*COS(W) )/E)i!'(2/H1) )*( lIP6*(LOG(P5+P6*T3)-LOG(P5») 
3100 REM "C = SHEAR EFFECT ON THE GRIPPING FORCE" 
3UO C=(2*K*(SIN(W) lt2/G)*2/Hl*( lIP6*(LOG(P5+P6*T3)-LOG(P5») 
31E!0 REM "D = ENCURVATURE EFFECT ON THE GRIPPING FORCE" 
3130 D=1/4*1/(E*I2)*Llt2*L2 
31(tO REM "Fl = CHANGING IN SLOPE EFFECT ON THE AXIAL DISPLA 
CEMENT" 
3150 Fl=F*Llt2*L2/(E*I2)*(TAN(W»t2 
3160 REM "G(l) = GRIPPING FORCE" 
3170 G(l)=D(l)/(A+B+C+D) 
3180 Kl=(Bl+B2)/2 
3190 K2=(B3+B5)/2 
3200 I(12)=H1t3/36*(Klt2+Kt2+4*Kl*K2)/(K1+K2) 
3210 G(10)=D(1)/(1/12*1/(E*I(12»*Llt3/COS(W» 
3220 REM "EVALUATIO OF THE VALUE OF KD" 
3250 K(9)=G(1)/G(10) 
3260 PRINT "Dl=";Dl,"D2=";D2,"Ll=";Ll,"Lc:!="iL2,"W=";W,"N"";N,"T= 
11 ;T 
3270 PRINT "KD~'''; K (9) 
3280 Y(1)=l 
3290 IF C(17)=0 THEN 3320 
3300 IF 1"=T(2) THEN 3320 
3310 NEXT T 
3320 IF C(16)=0 THEN 3350 
33::10 IF N=N(2) THEN 3350 
3340 NEXT N 
3350 IF C(15)=0 THEN 33BO 
3360 IF W=W(2) THEN 33BO 
3370 NEXT W 
33E30 IF C(1t~)=O THEN 3l.~10 
3390 IF L2=L(22) THEN 3410 
3400 NEXT L2 
3410 IF C (13) =0 THEN 34(W 
3(1·20 IF L1=L< 12) THEN 3440 
3430 NEXT Ll 
3440 IF C(12)=0 THEN 3470 
34S0 IF D2=D(22) THEN 3470 
3460 NEXT D2 
3470 IF C (11) =0 THEN 3500 
34E30 IF Dl"'D( 12) THEN 3500 
3490 NEXT Dl 
3500 END 
CHAPTER . 18 
METHOD OF CHARACTERIZATION OF A DIAPHRAGM MANDREL 
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18 METHOD OF CHARACTERIZATION OF A DIAPHRAGM MANDREL 
The choice of a diaphragm mandrel,under a specific operation needing, 
relies on 'the specification of three fundamental parameters: 
inner diameter of the component to be hold, 
its length, 
desired gripping force (or interface pressure). 
As it has been earlier mentioned (section 11.6, page 142) it is ne-
cessary to specify seven geometrical parameters of the mandrel for its total 
definition. Those parameters are interrelated and all of them are included 
ju the expressions concerning the diametral variation and the gripping force. 
In consequence, by the combination of those geometrical parameters, 
an infinity of possible range of mandrels dimensions exists for the same assem 
blage of the three fundamental parameters, in choicinga mandrel, (inner diame 
ter, length and gripping force). 
Instead of presenting large tables covering those possibilities, the 
author presents a computing program (from which the construction of those ta-
bles is immediate), in BASIC Language, which calculates the dimensions of a 
diaphragm mandrel for a particular inner diameter, length and gripping force. 
This program has been elaborated upon the assumption that the defor-
mation of the component being ,hold is neglegetable. 
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The seven geometrical parameters of a diaphragm mandrel have been in 
eluded in two major classes: 
1st elements given by the designer 
2nd elements given by the computer 
(1st + 2nd ~ elements constituting the tables) 
The first class includes: 
Component 
Mandrel 
inner diameter of the component (Dl l ) 
gripping force (GF) 
length of the holding section (L2) 
taper angle of the tapered section (6) 
number of elements (N) 
thickness of the slots (T) 
The second class includes: 
length of the tapered sections (Ll) 
- diametral reduction (6D) necessary for having the de 
sired gripping force (or gripping pressure). from 
which the external diameter of the mandrel. (Dl). is 
calculated 
internal diameter of the mandrel (D2). 
An important element for a designer. is the knowledge of the effect 
on the final value of the gripping force by varying the values of the geometri 
ca1 parameters of the mandrel. On page 210. is shown a graph which gives. in 
terms of percentage. the effect on the value of the gripping force by varying 
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+ 10% the value of each parameter. 
It can be stated that the variation of L2 ,N and T (length of 
the cylindrical part, number of elements and thickness of the 'slots) do not 
affect substancially the final result. 
On the other hand, the only parameter which increasing provocates the 
increasing of the final result is the external diameter Dl' All the other 
ones, if increased,provocate an decreasing on the value of the gripping for-
ce. 
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FIGURE 17.2 - EFFECT ON THE GRIPPING FORCE RESULTING OF THE MANDREL PARAMETERS VARIATIONS 
211-1 
1000 DIM G(5),D(25),L(25),PC2) 
1010 REM "THIS PROGRAM GIVES THE DIMENSIONS OF A DIAPHRAGM 
MANDREL FOR HOLDING A COMPONEr~T WHITH A GIVEN IN-
TERN~L DIAMETER DO, THE GRIPPING FORCE BEING GF" 
1020 REM "THE PARAMETERS TO BE CONSIDERED ARE" 
1030 REM "DO = INNER DIAMETEH OF THE COMPONENT" 
10(.0 REM "0 Cl) = DIAi"IETRAL REDUCTION OF THE MANDREL" 
1050 REM "01 = EXTERNAL DIAMETER OF TEMANDREL" 
1060 REM "02 = INTERNAL DIAMETER OF THE MANDREL" 
1070 REM "U = LENGTH OF THE MANDREL TAPERED PARTS" 
1080 REM "L2 = LENGTH OF THE MANDREL CYLINDRICAL PART" 
1090 REM "W = TAPER ANGLE OF THE MANDREL" 
1100 REM "N " NUMBEFl OF SLOTS OF THE MANDREL" 
1.11 0 REM "T = THICKNESS OF THE SLOTS" 
1120 REM "GF = G (1) = GRIPPING FORCE" 
1130 PRINT "WHICH ARE THE VALUES FOR THE FOLLOWING PA-
RAMETERS - DO, L2 , W, N , T AND G ( 1 P " 
1140 INPUT DO,L2,W,N,T,G(1) 
1.150 PRINT "00"''';00, "L2=";L2, "W=";W,"N=";N, "T=";T,"G(l)=";G(l.) 
ll60 REM "DEFINITION OF THE MAXIMUM AND MINIMUM VALUES 
FOH THE OTHEH PARAI'1ETERS" 
1170 REM "01111 = Dl MINIMUM = DO 
D( 12) - Dl MAXII'1UI'1 = 00+1 MM " 
1.180 REM "0(21) _ .. 02 MINIMUI'1 -. 15 MM 
0(22) _ .. 02 MAXIMUM .- 1I3*Dl" 
1190 REr1 "U 111 _. L1 MINIMUM = 112*L1 MAXIMUI'1 
U12) = U MAXIt1UM = <D2-Dl)/(2*TAN(W»" 
1200 REM "STI"-\RTING THE CALCULATIONS OF THE GEOMETRICAL 
DIMENSIONS OF' THE l'1ANDREL" 
1210 REM "STEEL MECHANICAL CHRACTERISTICS" 
1220 REM" E=YOUNG'S MODULUS" 
1230 REM" P(l)=POISSONS RATIO" 
1240 REM" G =TRANSVERSE MODULUS" 
1250 E=21*10t4 
1260 P( 11=0.3 
1270 G=E/(2*ll+PI1.») 
1280 D( 11) =00 
1290 D( 12) =00+1 
1300 0121 )=15 
1310 D(22)=1/3*Dl 
1320 FOR 02=0121.1 TO 0(22) STEP 0.001 
1330 L(12)=CD1-D2)/12*TANIW» 
13l.10 l( 11 ) = 1 12*L< 12) 
1350 FOR L1=Ul1.1 TO U12) STEP 0.001 
1360 FOR 01=01111 TO D(12) STEP 0.001 
1370 REM "SECOND STEP - CALCULATION OF THE GEOi"IETRICAL PARA 
METERS OF THE MANDREL" 
1380 81 =2* <Dl.I2-U*·TAN(W) )*SIN(#PIIN)-T 
1390 B2=Dl*SIN(#PI/N)-T 
1400 83=02*SIN(#PIIN)-T 
1'+1.0 8L/·=D2*SIN(i*PI/N)-T 
14"'.0 85=2* 1D2/2+U*·TAN( W) )*SINOfPIIN)-T 
1.430 H2= <D1. -02) 12 
1440 Hl=(H2-L1*TAN(W»*COS(W) 
1450 P1.=Bl 
1460 P2=(B2-Bl)/(Ll/COSIW» 
1470 P3=B3 
1480 P4=(BS-B3)/(Ll/COSIW» 
1'.90 Nl =P1t2+P3t2+L/·*Pl *P3 
lSOO N2=2*Pl *P2+2*P3*P£++4*Pl *P4+l.I*P2*P3 
1510 N3=P21'2+P4t2+4*P2*P,q· 
1520 Nl+=P1+P3 
1530 N5=P2+Pl~ 
1540 V=N~Y (2*N3 ) 
1!;50 n='CmHW) 
1560 Te?= 11 c2*L1 
1570 T3=L1/COSCW) 
15030 TiJ.= (N2t2IN3t2) -N1IN3 
1590 T5=(N1.*N2)1N31'2 
1600 T6=1IN3 
1610 T7=N2/N31'2 
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1620 T8=(N21'2-2*N1*N3) 1 (2*N31'2) 
1630 N6=1/(2*E*H11'3/36) 
1640 N7=T21'2·!f.N4 
16!50 N8=T21'2-l!N5-2*T 1 *T2*N4 
1660 N9=T 11'2*N'j·-2*T 1 *T2·!f.N5 
1670 NO=T11'<~*1\l5 
1.6030 Q"I+~IN1 *N3-N21'2 
1690 REM 
1700 SO=L.OG(N1+N2*T3+N3*T31'2) 
171.0 IF Q=O THEN 1740 
1720 IF (no THEN 1790 
1730 IF 0<0 THEN 181+0 
171J.0 S1=( 1/N3)*(-(1/(V+T3) )+1/V) 
1750 S2=T6/2*(SO-L.OG(N1»-V*S1 
1760 S3=T3*T6-T7/2*(80-LOG(N1»-V*S1 
1770 SI.~= (11 (2*1'6) )*( <T6*T3) 1'2-T71'2)+T4*82+T5*S1. 
1780 GOTO 1900 
1.790 Sl=(iYSORCQ) )*( (<TAN( (F.l*N3+N2)/SQFHO» )1'(_.1) )-( <TANCN2/8QF~( 
Q»)1'(-1») 
1800 S2= <T6/2*CSO-L.OG (N1.l ) )-(NE'/(2*N3) )*S1 
181.0 S3=T3/N3-T7/2*(80-LOG(N1»+T8*S1. 
1820 SI+=( «T6*T3+T7)1'2-T71'2)/(2*T6) )+T'+*82+T5*Sl 
1830 GOTO 1900 
18t.;0 S1=(1/SQR(-Q»*(LOG«2*N3*T3+N2-S0R(-O»/(2*N3*T3+N2+SQR(-Q 
) ) ) ) 
1850 Sl=Sl-(1/SQR(-Q»*(LOG«N2-SQR(-Q»/(N2+SQR(-Q»» 
1860 S2=T6/2*(SO-LOG(N1»-N2/(2*N3)*S1 
1.870 S3=T3/N3-T7/2-l!'(SO-LOG(N1,) )+T8-l!'Sl 
1.8t30 SII=( «B*T6-T7l1'2-T71'2)/(C:~*T6) )+T'j·*S2+T5~·Sl 
1,890 GOTO 1900 
19()0 P!,i=f"1+P;:3 
191. 0 P6=P2+PI.~ 
1920 REM "K IS THE FACTOR (Km USED IN THE EXPRESSION OF 
THE SHEAR EFFECT" 
1930 K=1.5 
19l+0 REM "A2 IS THE AREA OF THE CROSS SECTION OF THE CYL!N 
DR1CAL PART AND 12 ITS MOMENTUM OF INERTIA" 
1950 ?~2= ( B2+ 83) *H2/2 
1960 Ic2=H21'3/36* (821'2+B3t2+lj·*B2*B3) 1 (82+B3 ) 
1,970 REM "A '" BENDING EFFECT ON THE GRIPPING FORCE" 
1, 9BO A=l+-l!N6* (N7*S 1 +N8*t,2+N9*S3+NO*S4) 
1990 REM "El ~, AXIAL EFFECT ON THE GRIPPING FORCE" 
2000 B=( «2*COS(W) )/E)*(2/H1) )*( 1/P6*(L.OG(P5+P6*T3)-LOG(P5») 
2010 REM "C = SHEAR EFFECT ON THE GRIPPING FORCE" 
2020 C=(2*K*(SIN(W»1'2/G)*2/H1*(1/P6*(LOG(P5+P6*T3)-LOG(P5») 
2030 REM "D = ENCURVATURE EFFECT ON THE GRIPPING FORCE" 
20l~0 D=1/4*1/(E*I2)*L11'2*L2 
2050 REM "F1 = CHANGING IN SLOPE EFFECT ON THE AXIAL DISPLA 
CEMENT" 
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2060 Fl=F*L H2*L21 (E*I2)* <TAN(W) >1'2 
2070 REM "G(l) = GRIPPING FORCE" 
2080 D(l)=Ol-DO 
2090 G(2)=0(1)/(A+B+C+D) 
2100 IF G(;:2)<0.9*G( 1.) THEN 2180 
2ltO IF G(2»1.1.*G(1) THEN 2180 
2120 PRINT "GEOMETRICAL PARAMETERS OF THE MANDREL" 
2130 PRINT "Dl=";Dl,"D2=";D2,"Ll=";Ll,"L2=";L2,"W=";W,"N=";N,"T= 
11 ;T 
21 l J.O PRINT "81.=";Bl,"B2=";B2,"B3=";S3,"EI4=";B4,"B5=";B5,"H2=";H 
2,IIH1.=";Hl 
2150 PfUNT "DIAMETRAL REDUCTION ""; D ( 1) 
2160 PRINT "GRIPPING FORCE =";G(2) 
2170 NEXT 01 
2180 NEXT L1 
2190 NEXT 02 
2200 PRINT "IMPOSSIBLE SOLUTION" 
221.0 END 
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19.1- Calibration of the Transducer Elements 
Instrument Data 
- Rank Taylor Hobson Micro-Comparator with two Axial Heads 
Full Scale deflections ranges: O.lmm, O.03mm, O.Olmm and 
O.003nim 
Mean sensivity on O.003mm F.S.D. = O.OOlmm 
- Sigma Fine Adjustment Stands 
Sigma Instrument, Co., Ltd, England 
- Slip Gauges Set 
Select Gauges (CPG) Ltd., England 
with certificate of inspection of 1978 
For the calibration of the ·axial transducer heads they have been 
hold vertically, in a convenient way, on the adjustable stands for having the 
necessary stifness for the purpose. Those stands were placed on a surface pla-
ne which was placed on a surface table. 
Figure 19.1, page 214 , shows the scheme of the set up for this 
calibration. 
The surface plane and the axis of the transducer heads were perpe~ 
diculary, this being checked by a square-set. Slip gauges were interposed, 
sliding, in between the surface plane and the stylus of the transducer heads. 
The dimension range of the slip gauges been used was enough to cover the full 
scale deflection of the Mitronic Micro-Comparator in the range of O.lmm F.S.D •• 
-- ----------- --- --------, 
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The Mitronic Micro-Comparator was set to zero datum after inserted 
the first slip gauge in between the transducer head and the surface plate. 
Slip gauges O.Olmm thicker the previous one were made slide, until the full 
scale deflections was achieved, and then, the process was repeated in the op-
posite sense. After sliding each slip gauge, readings were taken out and regi~ 
tered. 
Table 19.1 and figures 19.2 - 19.3, pages 215,216 and 217 show 
the tabulated values obtained from the readings, as well the calibration cur-
ves for the two axial transducer heads used during the experiments. 
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reading unit 
transducer 
stand 
slip gauge 
surface plane . 
surface table 
FIGURE 19.1 - DRA1HNG OF THE SET UP FOR THE CALIBRATION 
OF THE TRANSDUCER HEADS 
~---------- -- --.--
- . 
. .. .. .- ... -
--
._._ .. 
- -
- .. -.. -.- , 
Slip gauge I Readings I Difference i Average thickness I 
(nun) (nun) (divisions) (divisions) 
1.01 0.0 0.0 0.0 0.0 
1.03 0.02 1.8 1.9 1.85 1.9 1.85 1.85 1.858 
1.05 0.04 3.85 3.9 3.B 3.8 3.8 3.B 3.825 
1.07 0.06 5.7 5.65 5.7 5.65 5.65 5.65 5.666 
1.09 0.08 7.6 7.58 7.6 7.6 7.5B 7.6 7.593 
1.11 0.10 9.5 - 9.45 - 9.4 - 9.45 
TABLE 19.1-1 - Axial Transducer 1 (scale ranlle 0 - 10) 
' .... 
Slip gauge Difference Readings Average thickness (divisions) (divisions) 
(nun) . (nun) 
1.01 0.0 0.0 0.0 . 0,0 
1.03 0.02 2.4 2.5 2.5 2.4 2.4 2.4 2,433 
I 1.05 0.04 4.B 4.B 4.8 4.8 4.8 4.9 4.816 
1.07 0.06 7.2 7.2 7.2 7.4 7.2 7.2 7.23 
1.09 0.08 9.4 9.4 9.6 9.6 9.4 9.5 9.483 
1.10 0.010 out of range -
TABLE 19.1-2 - Axial transducer 2 (scale range 0 - 10) 
TABLES 19.1 - CALIBRATION OF THE AXIAL TRANSDUCERS 
(mm) 
0.12 
0.10 
0.08 
0.05 
0.04 
002 
• 
O.O~=--~--.----r----r----r-~----'r--r--r--:r-
0.0 1 . 2 3 10 (divisions) 
FIGURE 19.2 - CALIBRATION CURVE FOR AXIAL HEAD TRANSDUCER N9 1 
(mm) 
0.12 
0.1 0 
0.08 
0.05 
0.04 
0.02 
QO~~~--.---r---~~r--'---..--~--~~-r~ 
10 (divisions) 3 5 6 7 4 0.0 2 8 9 
. FIGURE· 19.3 - CALIBRATION CURVE FOR AXIAL HEAD TRANSDUCER N9 2 
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19.2 - Calibration of the Load Force Reading System 
Instrument Data 
- Force transducer, KISTLER Load Washer, type 9031 
KISTLER Instruments, AG, Switzerland 
- Charge Amplifier, KISTLER'type 5001 
KISTLER Instruments AG, Switzerland 
- Ultra-Violet Oscillograph, Series 10-350 
Bryans Southern Instruments Ltd., England 
- Chokhouse Proving Ring, n9 1527, model 2000 
Dial Gauge n9 74462, last calibrated 1979 
Mean sensivity 0.1332 lb (0.06041 Kg) per division 
The experimental set up for the calibration of the force transducer 
reading system is shown in plate 19.1, page 220. 
The transducer was positioned upon a ground hard steel b1ock,p1aced 
on the table of a Cincinati Vertical Milling Machine, type 207-l2-v. The Clock 
house Proving Ring was mounted over the force transducer, it's upwards ends 
being attached to the machine spindle head, all the assemblage having a verti-
cal alignement checked by a set-square. 
By raising the milling machine table towards its spindle head, a 
load force was applied to the force transducer which value was known by means 
• of the known relationship between the deflection read on the Dial Gauge Pro-
ving Ring and its correspondent force. 
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The transducer. force was connected to the ultra-viol let Oscillo-
graph where the output signal from the force transducer was recorded. 
The milling machine worktable has been moved upwards in incremen-
tal steps and the readings, from the Dial Gauge Proving Ring,as well as from 
the Oscillograph, been obtained and registered. 
Table 19.2 and figure 19.4, pages 221 and 222, show the readings 
and the calibration curvejrespectively. 
- 220 -
PLATE 19.1 - FORCE TRANSDUCER CALIBRATION 
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AVERAGE READINGS 
LOAD FROM THE 
OSCILLOGRAPH 
(N) (mm) 
. 
. 
200 10 
400 19 
600 30 
800 40 
1000 50.5 
1200 60 
. 
1400 71 
1600· 81 
TABLE 19.2 - Calibration of the load transducer 
reading system 
90 
80 
70 
60 
50 
40 
30 
20 
10 
READINGS FRon THE OSCILLOGRAPH 
(nun) 
2 4 6 8 10 12 
FIGURE 19.4 - CALIBRATION CURVE OF THE FORCE TRANSDUCER READING SYSTEM 
"~'-"---".--."----.-- ---~--... --, -
I . 
N 
N 
N 
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19.3 - Calibration of th~ Strain Gauges Proving Ring 
Instrument Data 
- Digital Strain Indicator, Model P-350 A 
Vishay Instruments, Inc. 
Last Calibrated: 8/6/1981 
-Clockhouse Proving Ring, n9 1527, model 2000 
Dial Gauge n9 74462 
Last Calibrated: 1979 
Mean sensivity: 0.1332 lb (0.06041 Kg) per division 
" The experimental set up for the calibration of the strain gauge pr£ 
ving ring is shown in plate 19.2, page 227 The ring was positioned upon a ba 
seplate placed on the table of a Cincinati Vertical Milling Machine, type 
207-l2-V. The clockhouse proving ring was interposed in between the ring and 
the milling machine spindle head, the upwards end being attached to the spin-
dle head and the free end against a flat ground hard steel piece" placed upon 
the strain gauge proving ring, this one having its axis horizontally. 
The purposes of that flat piece was to enable an uniform axial dis-
tribution of the load, during the calibration. 
The load was applied to the strain gauge proving ring by raising 
the milling machine worktable towards its spindle head, thereby provocating a 
deflection of the clockhouse proving ring creating a known load to be applied 
to the strain gauge ring. 
The proving ring and the hard steel piece as well as the clockhouse 
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proving ring were in axial alignement which has been checked using a set-squa-
re. 
The strain gauges were located at 90 degrees from the axial line 
along which the load was applied. They were attached to the Digital Strain I~ 
dicator which has been set to a zero datum before the loading starting. The 
strain gauge proving ring was then loaded in incremental steps of 5.9 N 
(1.332 lb) until de value 44.4 N (9.99 lb) and in steps of 29.6 N {6.66lb\ 
. from that value,until 414.4 N (93.24 lb). 
The calibration was repeated four times for each strain gauge, the 
average strain reading for each incre~ental loading being used to produce the 
calibration curves. 
Tables 19.3 - 19.5, and figures 19.5 - 19.7, pages 228 to 233 , 
show the readings and calibration curves, respectively. 
When the mandrel gripps the proving ring the loading situation is 
not quite a diametral loading but an internal radial pressure, with a longitu-
dinal pressure equal to zero. As the theoretical analysis of a ring supporting 
this type of loading is well known and tested (70), the results from the diame-
tral loading calibration can be used· to correct the experimental results obtai-
ned from the interface pressure tests, refered in chapter 13, section 13.2, pa-
ge 169 , which can be designated as an indirect calibration for the interface 
pressure proving ring. 
Considering firstly the theoretical analysis of a ring supporting a 
diametral loading, the strain at the outer fibers at 900 from the load applic,!!. 
tion line is. (70): 
= 
6 x 0.1817 x F x R 
b x t 2 x E 
(19.1) 
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where 
£ = Strain 
F = diametral load (N) 
R = radius of the centroid of the section (mm) 
b = lenght of the ring (mm) 
t = thickness of the ring (mm) 
E = Modulus of elasticity (N/mm2) 
Figure 19.8, page 234, represents the graphic representation of 
expression (19.1) in terms of strain/load force. 
The differences between the theoretical values from that expression 
and the values resulting from the calibration. of the ring (tables 19.3 - 19.5 
and figures 19.5 - 19.7), are result from several factors as non-homogenuity 
of the ring material, manufacture errors, deficiencies on cementing the strain 
gauges, gauge factor, etc. 
Considering now the ring under an internal radia1·uniform pressure, 
the normal stress.on the circumferencia1 direction at the outside fibers is 
obtained from expression (12.1), page 152. 
substituting r by a, figure 12.2.1, page 152 
= p. 
The relationship between the internal pressure and the strain at 
outside fibers will be: 
p 2 b2 
El = x 106 (jJstrain) (19.2) 
'E a2 - b2 
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Figure 19.9, page 235, shows the graphic representation of expre~ 
sion (17.2) in terms of strain/internal pressure after substituting its geom~ 
trical parameters by the dimensions of ring, figure 12.3, page 164 
On basis of tables 19.3 to 19.5 (pages 228to 230); and figures 19.5 
to 19.9 (pages 231 to 235), four more graphs have been elaborated to facilita-
te the presentation of the results· obtained during the interface pressure expe-
riments. 
On this way, in figure 19.10, page 236; is presented .the graphical 
representation of both expressions (19.1), page 224 and(19.~, page 225·, for 
the manufactured proving ring. This graph represents what has been designated 
by the "indirect calibration for the interface pressure proving ring" (page 
236 ). 
The three following graphs (figures 19.11, 19.12 and 19.13, pages 
237 to 239 ) represent the calibration curves, for each strain gauge, in 
terms of strain and interface pressure. 
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PLATE 19 . 2 - SET UP FOR THE STRAIN GAUGE PROVING RING CALI BRATI ON 
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STRAIN GAUGE N9 1 
Applied Load Strain Gauge Readings Average Strain 
(N) ()Js) ()Js) 
5.921 4 4 4 4 - 4 •. 0 
11.84 6 6 6.5 6 6 •. 125 
17.76 7 7.5 8 8 7.625 
23.68 9.5 10 10 9 9.625 
29.6 11 10 12 12 11.25 
44.4 14 15 16 16 15.25 
59.19 19 20 21 21 20.25 
88.79 28 30 30 29 29.25 . 
118.38 37 38 38 38 37.75 
177.57 56 56. 55 54 55.25 
236.76 73 74 73 73 73.25 
. 
TABLE 19.3 - Strain Gauge Proving Ring Calibration 
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STRAIN GAUGE N9 3 
Applied Load Strain Gauge Readings Average Strain 
(N) (\Js) (\J s) 
. 
-
5.921 3 3 3 3 3 
11.84 5 4.5 4.5 5 4.75 
17.76 7 6 6.5 7 6.625 
23.68 8 8.5 8.5 8 8.25 
29.6 11 9 10 11 10.25 
44.4 15 13 14 15 14.25 
59.19 17 17 18 19 17.75 
.. 
88.79 27 28 26 27 27 
118.38 35 36 34 37 35.5 
177 • 57 54 53 53 54 53.5 
236.76 70 70 69 71 70 
TABLE 19.4 - Strain Gauge Proving Ring Calibration 
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STRAIN GAUGE N9 5 
Applied Load Strain Gauge Readings Average Strain 
(N) ()Js) ()Js) 
5.921 4 4.5 4.5 4.5 4.375 
11.84 6 6,5 6,5 6 6.25 
17.76 8 8.5 8 8.5 8.25 
23.68 10 9 10 10 9.75 
29.6 12 11 14 14 12.75 
44.4 17 17 20 18 18 
59.19 20 21 24 23 22 
88.79 28 31 33 . 32 31 
118.38 38 38 40 39 38.75 
. 
177 • 57 55 57 59 58 57.25 
236.76 70 70 71 72 70.75 
TABLE 19.5 - Strain Proving Ring Calibration 
z FIGURE 19.5 - PROVING RING CALIBRATION CURVE - STRAIN GAUGE N9 1 
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FIGURE 19,7 - PROVING RING CALIBRATION CURVE - STRAIN GAUGE N9 5 
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FIGURE 19.10 - GRAPHIC~L REPRESENTATION OF EXPRESSIONS (19.1) AND (19.2), pages 224 and 225 • 
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19.4 - Admissible Loads for the Experimental Tests 
The calculation of the maximum admissible loads for the experiments 
of the different specimen, as well as for the diaphragm mandrel has been based 
upon the Strenght of Materials theory. 
The loading situation during those experiments can be considered 
fundamenta1y as static and so; the refered calculation can be made considering 
the fundamental bending relationship between bending stress, moment and geome-
try of deformation (68): 
where 
cr = 
o. 
M 
cr is the bending stress, 
o 
M the bending moment, and 
I/J the section moduli. 
(19.3) 
It must be kept in mind, however, that when a specimen presents an 
abrupt change in geometry this will give rise to stress concentration and. the 
stresses distribution around that geometry change does not follow the fundamen 
tal bending relationship ·(19.3). 
For having this fact in account, an elastic stress concentration 
factor, Kt , is considered for the correction of the stresses nominal values 
calculated from that expression (19.3). This factor can be· defined as the re-
1ationship between the maximum boundary stress at the discontinuity and the 
average stress at the cross-section of the body. This stress concentration 
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factor is generally obtained experimentaly and presented in charts (74), 
All the Specimen been experimented,as well as the diaphragm mandrel 
have been manufactured from EN8 steel in black bar form 'with an yield stress of 
the order of 450 MN/m2• 
Considering, from (74), the stress concentration factor equal to 
2.5, the maximum admissible stress (0) will become equal to 180MN/m2• 
On this basis the maximum values for the stress occuring during the 
experiments are calculated as follows: 
where 
19.4.1 - Specimen,MK11 
Refering figure 3.10, page 42, and from expression (19.3): 
M 
o 
o 
= ---
I/j = 
6 
and 
, M = g. Ll, .tg 81 ., ~ being the stretch load force a~ 
plied during the experiments. 
For this Specimen: 
B = 7Im1l 
H = 8Im1l 
and 
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As it must be 
cr < 0 = 180 (MN/m2) 
o 
BH2 
-6- • 180 
Pmax < -----
Ll • tg 300 
Pmax < 665 N 
19.4.2 - Specimen MK12 (figure 3.10, page 42): 
Following the same method as above 
Pmax < 384 N 
19.4.3 - Specimen MK21 ,MK2 2 and MK23 (figure 7.6, page 71): 
Pmax < 665 N 
19,4.4 - Specimen MK24 (figure 7.6, page 71): 
Pmax < 384 N 
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19.4.5 - Diaphragm Mandrel 
Refering figure 11.10, page 140 and section I, page 163: 
Pmax < 7485 N 

